
ETH Library

PECVD of SıOx films from oxygen
and hexamethyldisiloxane in a
double source reactor

Doctoral Thesis

Author(s):
Bieder, Andrea

Publication date:
2006

Permanent link:
https://doi.org/10.3929/ethz-a-005151598

Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://doi.org/10.3929/ethz-a-005151598
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


Diss. ETH No. 16418

PECVD OF SlOx FILMS FROM OXYGEN AND

HEXAMETHYLDISILOXANE IN A DOUBLE SOURCE

REACTOR

A dissertation submitted to the

Swiss Federal Institute of Technology Zurich

for the degree of

Doctor of Sciences

presented by

Andrea Bieder

Dipl. Ing. ETH

born on the 25th Oct. 1976

citizen of Walkringen (BE), Switzerland

accepted on the recommendation of

Prof. Dr. Ph. Rudolf von Rohr, examiner

Prof. Dr. N. Spencer, co-examiner

Zurich 2006



I

Acknowledgements

Während den letzen Jahren haben viele Personen dazu beigetragen, dass

diese Dissertation zustande gekommen ist. Diesen soll hier gedankt wer¬

den. Prof. Dr. Philipp Rudolf von Rohr danke ich für das Ermöglichen
dieser Arbeit. Bei Prof. Dr. Nicolas Spencer möchte ich mich für die

Übernahme des Koreferats bedanken. Die Cham Paper Group und der

KTI unterstützten dieses Projekt.

Ein besonderer Dank gilt meiner Vorgängerin Andrea Grüniger und den

übrigen Plasmatikern - Beat Borer, Axel Sonnefcld, Cordin Arpagaus
und Adrian Spillmann - für die stets freundschaftliche Zusammenar¬

beit und die vielen fachlichen Diskussionen. Den aktiven und ehema¬

ligen Doktoranden der Gruppe von Rohr sowie den übrigen Professoren

und Doktoranden danke ich für ihre Anregungen zu meiner Arbeit und

die gemeinsame Zeit am Institut. Ausserdem haben Véronique Gondoin,
Thomas Rohner, Claudio Walker und Simon Zerjeski, die bei mir eine

Semesterarbeit beziehungsweise ein Teamprojekt absolviert haben, zum

erfolgreichen Abschluss dieser Arbeit beigetragen.

Grosse Anerkennung gilt denjenigen Personen, die mit ihrem stillen

Schaffen im Hintergrund zum Abschluss des Projekts beigetragen haben.

Silvia Christoffel hat mir mit ihrem grossen Einsatz viele administra¬

tive Arbeiten abgenommen. Peter Hoffmann, Bruno Kramer, Chrisitan

Rohrbach und Rene Plüss halfen mir bei mechanischen Arbeiten und

hielten meine Anlage stets im "Schuss". Sascha Jovanovic und Beni

Cadonau lösten meine Informatikprobleme.

Ohne die Unterstützung vieler weiterer Personen wäre diese Arbeit nicht



II Acknowledgements

möglich gewesen. Bei folgenden Personen möchte ich mich für ihre fach¬

liche Unterstützung und das Überlassen von Messgeräten bedanken: Lau¬

rent Feuz, Yves Leterrier, Gregory Tornare, Marianne Dietiker, Wolfgang

Lohwasser, Peter Fischer und Thomas Schweizer.

Meine Eltern, meine Familie und meine Freunde sorgten mit ihrer

moralische Unterstützung und vielen geselligen Stunden für den nötigen

Ausgleich neben der Arbeit. Mirko danke ich für seine Hilfe und Geduld.



Ill

Summary

Silicon oxide thin films are used in optics, mechanics, microelectron¬

ics, and packaging. Such coatings can be deposited by plasma enhanced

chemical vapor deposition (PECVD). The advantages of a PECVD

process are the low deposition temperature, strong adhesion of the film

on the substrate, good step coverage, wide range of controllable film

properties, chemical inertness, and that the deposition is virtually not

restricted to the line of sight.

In this study a better understanding of the influences of the film prop¬

erties and the gas phase processes on the water vapor barrier perfor¬
mance of deposited silicon oxide thin films should be gained. Therefore

mainly the impact of the process parameters oxygen-to-monomer flow

rate ratio and power input was analyzed. This knowledge is important
to design novel products with defined properties. The investigated SiOx
films were deposited from an oxygen/hexamethyldisiloxane (HMDSO)
discharge onto PET films. The reactor is equipped with a remote mi¬

crowave (MW) and a direct radio frequency (RF) plasma source. The

two plasma sources can be ignited separately or simultaneously in the

so called dual mode. The main advantage of the dual mode is the possi¬

bility of controlling separately the generation of active species in the gas

phase and the flux and energy of ions bombarding the substrate. The ion

bombardment of a growing film during the deposition process induces

major changes of the chemical and physical properties.

An enhancement of more than a factor of 150 (0.13 g/m2/day/bar) for

gas barriers against water vapor was achieved. These values strongly
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depend on the deposition technique and the process parameters. Pre¬

liminary experiments with films deposited from the MW plasma did not

lead to an effective barrier against water vapor as a result of the missing
substrate self-bias, hence a lack of ion bombardment onto the substrate.

The water vapor transmission rate (WVTR) of the SiOx films is low¬

ered by increasing the RF power. This is due to an enhanced network

densification and surface diffusion. From gas phase analysis only limited

conclusions can be drawn on the gas barrier performance of the deposited
films. Despite the stronger influence of the MW than of the RF power

input on the gas phase composition, the substrate self-bias is essential

for the deposition of an effective gas barrier.

An increase of the oxygen-to-monomer flow rate ratio leads to an en¬

hanced water vapor barrier performance for the RF mode, whereas for

the dual mode an increase of the oxygen flow rate above 200 seem results

again in permeable films. These tendencies can be explained by a change
of the surface roughness and the film composition.

During processing delamination and crack formation can occur, what

reduces the barrier performance. An effective gas barrier corresponds to

stiff and brittle films. Therefore coatings with a gradient in the mechan¬

ical properties (Young's modulus) are required. A possibility to achieve

such a gradient is the variation of the carbon content, thus shifting the

power input or the oxygen-to-HMDSO flow rate ratio during the depo¬
sition process.

Coated cylindric structures showed a homogeneous center area whereas

towards the edges a decrease of film thickness and a more inorganic char¬

acter was observed. This is due to the fact that shadowing effects play an

important role especially for narrow and/or high cylindrical structures.

Silicon oxide films deposited from a RF plasma lead to higher deposition

rates, than from dual mode due to a higher organic content of the film

and a reduced loss to the walls. Powder formation and increased sub¬

strate temperatures result in thinner films on aluminum than on PVC

substrates. The increased temperature is a result of substrate self-bias,
thus the sheath that surrounds the conducting aluminum substrates.
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Zusammenfassung

Siliziumoxidschichten werden in der Optik, der Mechanik, der Mikroelek¬

tronik und der Verpackungstechnik verwendet. SiOx-Schichten können

mittels plasmaunterstützter chemischer Dampfabscheidung (PECVD)
abgeschieden werden. Die Vorteile eines PECVD-Verfahrens sind: die

niedrigen Temperaturen, die starke Adhäsion des Films am Substrat, die

kohärente Schicht, die grosse Bandbreite von kontrollierbaren Filmeigen¬

schaften, die chemische Beständigkeit und die Möglichkeit der Beschich¬

tung von 3-dimensionalen Geometrien.

Diese Studie soll zu einen vertieften Verständniss über die Einflüsse der

Filmeigenschaften und der Gasphasenprozesse auf die Wasserdampf¬
barriere von Siliziumoxidschichten führen. Es wurden hauptsächlich
der Einfluss des Sauerstoff/Hexamethyldisiloxane (HMDSO)
Flussrateverhältnisses und des Leistungseintrags untersucht. Diese

Erkenntnisse sind wichtig, um ein neues Produkt mit definierten Eigen¬
schaften zu entwickeln. Die zu untersuchenden SiOx-Schichten wurden

mittels einer O2/HMDSO Entladung auf PET-Folien abgeschieden. Der

Reaktor ist mit einer indirekten Mikrowellen (MW) und einer direkten

Radiofrequenz (RF) Plasmaquelle ausgestattet. Die zwei Plasmaquellen
können separat oder gleichzeitig im so genannten dual-mode gezündet
werden. Der Hauptvorteil des dual-mode besteht darin, dass die Bildung
von aktiven Spezien in der Gasphase und der lonenbeschuss unabhängig
voneinander kontrolliert werden können. Durch den lonenbeschuss wer¬

den Änderungen der chemischen und physikalischen Eigenschaften in

der Schicht verursacht.
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Für Wasserdampfbarrieren wurde eine Verbesserung um mehr als das

150-fache (0.13 g/m2/day/bar) erreicht. Dieser Wert hängt stark von

der Abscheidetechnik und den Prozessparametern ab. Experimente mit

aus MW Plasma abgeschiedenen Schichten führten nicht zu effektiven

Sperrschichten, weil der Substratbias und damit verbunden der lo¬

nenbeschuss des Substrats fehlte.

Die Wasserdampf-Transmissionsrate (WVTR) von SiOx-Schichten wird

durch die Erhöhung der RF-Lcistung reduziert. Gründe dafür sind eine

Netzwerkverdichtung und eine erhöhte Oberflächendiffusion während des

Abscheideprozesses. Aus den Gasphasenanalysen kann nur ein bedingter
Schluss auf die Barricrcneigcnschaftcn gezogen werden. Obwohl die MW-

Quelle die Gasphasenzusammensetzung stärker becinflusst als die RF-

Leistung, ist die Ausbildung des Substratbias essentiell für die Abschei¬

dung von effektiven Gassperrschichten. Eine Erhöhung des O2/HMDSO-
Flussrateverhältnisses führt zu einer verbesserten Wasserdampfbarriere.
Für den dual-mode jedoch hat eine Erhöhung der Sauerstoffzufuhr über

200 seem durchlässige Schichten zur Folge. Dies kann auf die erhöhte

Oberflächenrauhigkeit und Filmzusammensetzung zurückgeführt wer¬

den.

Während der Verarbeitung des SiOx/PET-Verbunds kann es zu De-

laminierung und Rissbildung kommen. Dies führt zu einer reduzierten

Barrierewirkung. Eine effektive Gassperrschicht ist steif und brüchig. De¬

shalb sind Schichten mit einem Gradienten in den mechanischen Eigen¬
schaften (E-Modul) notwendig. Diese können zum Beispiel durch die

Variation des Kohlcnstoffgchaltcs erreicht werden.

Homogene Schichten wurden bei Zylindern im Zentrumsbereich gefun¬
den. Dagegen nimmt zu den Kanten hin die Filmdicke ab und der

anorganische Charakter zu, weil Abschattungseffekte vor allem für enge

und/oder hohe zylindrische Strukturen eine wichtige Rolle spielen. Im

RF-Plasma abgeschiedenen SiOx-Schichten haben wegen ihres höheren

organischen Anteils und des reduzierten Verlustes an Schichtmaterial an

den Wänden eine höhere Abscheideraten als diejenigen aus dem dual-

mode. Pulverbildung und eine erhöhte Substrattemperatur führen auf

Aluminium zu dünnere Schichten als auf PVC-Substraten. Die erhöhte

Temperatur ist ein Resultat des Substratbias, d.h. des Potentialgefälles,
welches das leitende Aluminiumsubstrat umgibt.
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Nomenclature

Latin letters

A [m2]
An H
a [m/s2]
Bn [/mi2]
Cn [/mi4]
CD [1/mm]
c [mol/m3]
c [2.998 • 108 m/s]
D [m2/s]
d [m]
d [m]
d [nm]
E [J, eV]
E [V/m]
E [GPa]
E° [J, eV]
&EP [kJ/mol]
e [1.602 10"19 C]
F [N]
H [GPa]
h [6.626 • 10"34 J/s]
I [mA]
I [a.u.]

area

Cauchy fitting parameter

acceleration

Cauchy fitting parameter

Cauchy fitting parameter

crack density
concentration

speed of light in vacuuum

diffusion coefficient

deflection

thickness

SiOx film thickness

energy

electric field strength

Young's modulus

excitation threshold energy

(apparent) activation energy

elementary charge
force

hardness

Planck constant

current

emission/transmission intensity
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3 [mol/s m2]
kB [1.381 • ÎO"23]
L [m]
l [m]
M [Nm]
m [kg].
n [cm"3]
n H
P [mol/s m bar]
V [bar]
R [m]
R [8.314 J/mol K]
S [mol/m3 bar]
T [K, °C, eV]
TR [sccm/m2 d]
t [s, min, d]
V [V]
V [m/s]
w [m]
X [m]
y [m]
z [m]

Greek letters

a

a

a

ß
r

A

5

e

£

e

molar flux

Bolzmann's constant

characteristic/system length

length

bending moment

mass

number density
refractive index

permeability

partial pressure

curvature radius

universal gas constant

solubility

temperature

transmission rate

time

electrical potential

velocity

sample width

space coordinate

space coordinate, lever arm

space coordinate

thermal expansion coefficient

Weibull parameter
ionization degree
Weibull parameter

gamma function

ellipsometric angle
stress transfer length

elongation

energy distribution function

permittivity (in vacuum)

m/K]
MPa]
-]
MPa]
-]
rad]
m]
%]
eV]
8.854 10"12 A s/V m]
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e [rad] angle
A [nm] wave length

Aöe [m] Debye length
1/ H Poisson ratio

n [mol/m2 s atm] permeance

a [m2] cross section

a [GPa, MPa] stress

T [MPa] interfacial shear stress

* [rad] ellipsometric angle

Sub- and superscripts

A species A

B species B

b bias

c critical

e electron

f film

f floating
i intrinsic

i ion

i layer i

ilt ideal laminate theory
kin kinetic

max maximum

m melting
n neutral

P plasma
s substrate

sat saturation

t thermal

0 initial, incident

* excited
n 2nd derivative



XIV Nomenclature

Abbreviations

AFM atomic force microscopy
CVD chemical vapor deposition
DC direct current

ECR electron cyclotron resonance

EEDF electron energy distribution function

FTIR fourier transform infrared spectroscopy

FWHM full width at half maximum

HMDSO hexamethyldisiloxane
MW microwave

OES optical emission spectroscopy
OTR oxygen transmission rate

PECVD plasma enhanced chemical vapor deposition
PET polyethyleneterephthalate
PVC polyvinyl chloride

PVD physical vapor deposition
RF radiofrequency
RMS root mean square

sccm standard cubic centimeter

SLAN slot antenna plasma source

TEOS tetraethoxysilane
VASE variable-angle spectroscopic ellipsometry
WVTR water vapor transmission rate

XPS X-ray photoclectron spectroscopy
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Chapter 1

Introduction

1.1 Background

Thin silicon oxide films arc applied in optics, mechanics, microelectron¬

ics, and packaging. SiOx coated polymers (e.g. polycarbonate, poly¬

methylmethacrylate) are used to enhance the anti-scratch resistance and

the hardness for optical components [1]. The mechanical properties of the

coatings can be varied by adjusting the organic character of the films

[2]. In micro electronics Si02-like dielectric layers arc deposited by low

temperature processes to avoid segregation effects and dopant redistrib¬

ution in the device [3]. In packaging silicon oxide films are utilized as gas

diffusion barriers. Thin films deposited onto polymer films reduce the

gas transmission rate and therefore elongate the shelf-life of the packed

product [4].

Sputtering, electron-beam evaporation, atmospheric dielectric barrier

discharges, and low pressure plasma enhanced chemical vapor deposi¬
tion (PECVD) have been applied to deposit SiOx thin films [5, 6, 7].
To compete against better established coatings and coating techniques

superior demands must be met. The advantages of PECVD are the low

deposition temperature, a strong adhesion of the film on the substrate,
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a good step coverage, the wide range of controllable film properties, and

the deposition process is virtually not restricted to the line of sight [8, 9].
The later is particularly important for the coating of 3D objects. How¬

ever, the low deposition temperatures can induce structural and electrical

defects in the silicon oxide film [10]. Thus the deposition process has to

be optimized in a way that the SiOx films meet defined demands.

Deposition chambers consisting of a radio frequency (RF) and a mi¬

crowave (MW) plasma source offer a main advantage over MW or RF

plasma excitation due to the possibility of controlling separately the gen¬

eration of active species in the gas phase and the flux and energy of ions

bombarding the substrate [11]. The microwave excitation creates a low

pressure and high density plasma [12]. Applying a RF voltage to the

substrate holder induces a negative self-bias voltage. The additional RF

substrate self-bias controls the energy of the charged particles impinging
the substrate surface and therefore affects the stresses in the films [12].
The ion bombardment of a growing film during the deposition process

induces major changes of the chemical and physical properties. The or¬

ganic groups of the film are sputtered away and the creation of another

plasma located around the substrate holder may lead to an enhanced

dissociation of the HMDSO molecule close to the substrate surface [13].

To deposit SiOx films the most often used organosilicons are hexam-

ethyldisiloxane (HMDSO: 0[Si(CH3)3]2) or tetraethoxysilande (TEOS:

Si[OC2Hs]4) with O2, N2O, or O2/N2 as excitation gas. Organosilicons
are preferentially used to silane due to safety reasons, good availability,

liquid state, volatility at room temperature, low costs, and the possibil¬

ity of depositing inorganic Si02-likc films as well as organic polymer-like
films depending on the process gas mixture [13, 14]. Besides the possibil¬

ity of the determination of the film properties, the advantages of these

films are their chemical inertness, transparency, recyclability, and suit¬

ability for the microwave oven. Additionally an elongation at rupture
three times higher was reported for films deposited by PECVD than by

sputtering or evaporation [15].
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1.2 Aim of this work

To design a novel product with defined properties the impact of the

process and its parameters has to be known. Thus the reactions occur¬

ring in the plasma phase and their influence on the deposited film should

be understood to meet these requirements. To gain an insight, the de¬

pendence of the film properties as well as the gas phase characteristics

on different process parameters was analyzed. Mainly the process para¬

meters oxygen-to-monomer flow rate ratio and power input were varied

in a wide range, due to their strong influence on the properties of the

deposited film. The advantage of the reactor used in this study is the

double source concept which offers the possibility of an individual control

of the generation of active species in the gas phase and the flux and en¬

ergy of the ions bombarding the substrate. The effects of the two plasma

sources can be studied separately or by igniting both sources simultane¬

ously in dual mode. The deposited SiOx films were characterized by a

water vapor permeation tester, FTIR spectroscopy, ellipsometry, as well

as investigations of the mechanical properties (cohesion, adhesion, crack

on-set strain, stresses) were conducted. An insight into the gas phase was

enabled by means of Langmuir probe measurements and optical emission

spectroscopy. Due to the fact that most studies focus on oxygen diffusion

barriers only little data about water vapor barriers exist. A link between

the water vapor barrier performance and film properties like morphology,
chemical composition, and mechanical behavior is made. Also the homo¬

geneity of the coating thickness and the composition of films deposited
onto various 3D geometries were of interest, as PECVD processes are

not restricted to the line of sight. Additionally it was found that silicon

oxide films react with atmospheric water upon exposure to ambient con¬

ditions, therefore aging tests were performed. The knowledge about all

these influences is important for a later application.
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Chapter 2

Background

2.1 Principles of electrical gas discharges

for material processing

2.1.1 Introduction

Crookes described in 1879 the ionized medium created in a gas discharge
as "forth state of matter" [16]. This term is often used to describe the

plasma state. Thereafter plasmas are defined as a quasi-neutral (par¬
tially) ionized gas which is composed of ions (positive and negative),
neutral species (atoms and molecules), and electrons. The most charac¬

teristic aspect of the plasma state is the fact that despite the long range

of the Coulomb force the charged species exhibit a collective behavior

[17], To generate a plasma energy has to be fed into the system, e.g. by

heating or by applying an electric field or voltage, respectively.

Despite the fact that 99.9 % of the apparent universe exists in the plasma
state on earth the existence of natural plasma is almost precluded. This

is due to the low temperature and high density of the earth and its

near atmosphere [17]. Plasmas can be categorized by the electron num¬

ber density ne and the mean energy of the electrons, a parameter which
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Figure 2.1: Plasmas categorized in a log n versus log Te diagram

[18].

can be defined as electron temperature Te under the assumption of a

Maxwellian distribution (illustrated in Fig. 2.1). In general plasmas are

distinguished into two groups: equilibrium and non-equilibrium plasmas.
For future industrial applications mainly the non-equilibrium plasmas,
also called low-temperature or cold plasmas, in glow discharges are of

importance [19]. In spite of the very low degree of ionization (charge
carrier to neutral ratio smaller than 10"3), these few charged species are

of great importance in plasma processing. Electrons are responsible for

the ionization, fragmentation, and excitation of atoms and molecules in

the gas phase, whereas ions interact with exposed surfaces [20]. Addi-
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tionally these plasmas are especially interesting due to the fact that the

temperature of the heavy species (ions, neutral species) is only a few 100

K, whereas the electron temperature is equal to several 104 K.

Table 2.1: Examples of industrial applications of plasma processing
of materials. Adapted from [21].

Plasma based

process

Materials / properties Main applications

Plasma spraying thermal barrier coatings

clearance control coating

turbine blades

machinery tools

Plasma etching integrated circuits (ICs)

Plasma surface

treatment

Plasma cleaning ICs, surgical instuments

Plasma activation film adhesion polymers

hydrophilic/hydrophobic prosthesis, membranes

properties

Plasma deposition

PECVD TiÛ2 (functional coating) photo catalysis

SiC>2, amorphous carbon packaging

(gas barrier)

DLC (wear resistance) machining tools

Plasma sputtering metals, alloys, insulators packaging, ceramics,...

Plasma based processes are used in several fields of application as shown

in Tab. 2.1. In the past the most important developments occurred in the

microelectronic industry for the fabrication of silicon integrated circuits.

At present numerous other applications exist.

Plasma processes are not suitable to modify the bulk properties of a

material as its effect is restricted to the outmost atomic layers. Never¬

theless, the requirements of the modification of the surface functionalities

can be met. Additionally the deposition rate is low, thus the deposited
film thickness is limited to a few micrometers. The advantage is that the

film properties can be adapted and only little bulk material is required.
Moreover no hazardous waste water is produced like in wet chemical
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processes. Depending on the process gases the removal of toxic com¬

pounds of the exhaust gas has to be considered.

2.1.2 Fundamentals

The physical properties of a plasma are determined by the charged

species. Generally the plasma is characterized by the following para¬

meters:

• Number density of neutrals nn, electrons ne, and ions iii and its

energy distribution. As a result of the quasi-neutral state of the

plasma ne ~ ii[ — np, the so-called plasma density.

• Degree of ionization a = ^. a defines the fraction of particles in

the plasma that are ionized.

• Debye length Ar>,- Scale over which mobile charge carriers shield

electric fields.

• Plasma sheath. Potential drop in the vicinity of surfaces confining
the plasma.

The plasma density is an important parameter since the reactions occur¬

ring in the plasma and their rates are directly dependent on the charged

species density. Electrons are responsible for the energy transfer from

the external electric field to the discharge gas. But also the ions interact

with external potential fields. The charged species absorb energy from

the electric field what results in an acceleration and thus in an acquisition
of kinetic energy E^n. The electric field with the electric field strength

E influences the charged species (elementary charge e and mass m) with

the force F

F = Ee (2.1)
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Thus the species experience an acceleration a

_^
Ee

~ct=— (2.2)
m

Assuming a collision free trajectory, the velocity v after a time t is

calculated as

—> —>
Ee

v — at — 1 (2-3)
m

and thus the kinetic energy Eki„ is

Eun = \rn\-rf\2 = ~(\E\et)2 (2.4)

Eq. 2.4 describes the energy absorbed by a particle in an electric field.

The kinetic energy is reciprocally proportional to the particle mass. Thus

electrons absorb much more energy due to their low mass. Therefore

a plasma can be considered as two subsystems each in its thermody¬
namic equilibrium. One system contains the electrons, the other the

heavy species. The kinetic energy is correlated to the temperature of

the system. Therefore the electron temperature is much higher (several
104 K) compared to the temperature of the heavy species (several 100

K): T « Ti <C Te. As the pressure or the density of the electrons is

increased the two subsystems tend to equilibrate. The mean electron

energy Ee (assuming a Maxwellian distribution) can be related to Te by

Ee = ~kBTe (2.5)

where kB is the Boltzmann's constant. Electron energy distributions are

often non-Maxwellian, e.g. at low plasma densities, high and low pres¬

sures. Examples for Maxwellian and Druyvesteyn distribution functions

are illustrated in Fig. 2.2. At higher plasma densities, electron-electron

collisions shift the distribution towards a Maxwellian shape. For non¬

local thermodynamic equilibrium plasmas the Druyvesteyn distribution
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functions gives a better approximation since it considers the electric field

strength and the pressure in the plasma. The effective temperature for

a Druyvesteyn distribution is higher than for a Maxwellian distribution

at a given pressure, since the Druyvesteyn high energy tail is depleted.
This is especially important as some reactions have an energetic thresh¬

old and will only occur if the energy of the participating electron is

higher than the threshold value. Additionally the plasma density ne is

considerably lower (especially at higher pressures) for a Druyvestyn than

for a Maxwellian distribution, since relatively more colder electrons con¬

tribute to inelastic energy losses [18]. Typical electron densities in low-

temperature plasmas are about 1010 cm-3.

0.8

0.6

\ i \

0.2

0

0 2 4 6 8 10 12 14

E [eV]

Figure 2.2: Electron energy distributions according to Druyvesteyn
and Maxwell. The average electron energy is given for each distri¬

bution [22].

Electrons cause the ionization of other species by an energy transfer

through collisions. Collisions between electrons and heavier species can

be elastic, which does not lead to an excitation, or inelastic, resulting
in excitation, ionization, or dissociation (molecules) of the target. The

most important reactions are shown in Tab. 2.2 and 2.3. In an inelastic

collision the electron can transfer most of its energy (0.1 - 10 eV). The

1 eV Maxwellian

Druyvesteyn
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Table 2.2: Gas phase reactions involving electrons [23].

Reaction Description Evidence

e~ + A —* A + e~ elastic scattering thermal electrons

e~ +A^ A+ + e~ +e~ ionization conductivity

e- + A -> A* +e~ excitation

e~ + A* -> e~ + A + hv de-excitation light emission

e~ + A* -> A+ + e~ + e_ two-step ionization ionization efficiency

e'+Aß-^i + ß + e- fragmentation residual gas analysis

e-+Aß^J4+ + e- + ß + e" dissociative ionization

e" + Aß - A~ + B dissociative attachment

e~+A+ + B^A + B volume recombination plasma decay,

steady-state

Table 2.3: Gas phase reactions involving ions and neutrals [23].
Reaction Description Evidence

A+ + B - B+ + A

A+ +B - B + A+

A+ + B -> A+ + B*

A+ + B - A+ + B+ + e~

A + B* -> A+ + B + e~

A+ + BC — A+ + B + C

e~+A++B^A + B

A+/- + B -* AB+/-

A + B -* AB

charge exchange

clastic scattering

excitation

ionization

Penning ionization

fragmentation/dissociation

volume recombination

oligomerization

oligomerization

ion energy spectra

ion energy spectra

ionization efficiency

ionization efficiency

ionization efficiency

residual gas analysis

plasma decay

ion mass spectra

residual gas analysis

ionization energies of atoms and small molecules are in the range of 10 -

30 eV. Thus indirect ionization (two-step ionization) or Penning ioniza¬

tion with formation of long-living metastable species are of importance.
Due to the fact that binding energies are generally lower than ionization

energies, fragmentation of molecules often occurs. Additionally energy is

lost because of a rotational and vibrational excitation of the molecules.

Hence it is easier to sustain a plasma with low molecular or atomic gases.
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A steady state is reached when the charges lost due to recombination

are compensated by ionization reactions. The degree of ionization a. is

typically 10"6 - 10"3 in low-pressure discharges, but can reach values of

10"2 and higher in ECR (electron cyclotron resonance) plasma. For a

< 10"10 the contribution of the electron-electron collisions to the energy

transfer is negligible.

Additionally particle-surface reactions are of importance. Reactions be¬

tween the plasma species and the film/substrate surface, such as loss of

charged species due to recombination, film growth through deposition of

fragments, erosion, occur (see Tab. 2.4).

Table 2.4: Surface reactions [23].
Reaction Description Evidence

AB + Cjsolid — A + BOvapor

AB^A + B$olid

er +A+ - A

A* -> A

A* — A + e~ (from surface)

etching

deposition

recombination

de-excitation

secondary emission

material erosion

thin film formation

major loss process

Auger electrons

A+(fast) — A + e (from surface) secondary emission Auger electrons

The Debye length Xd& is defined as

Arje —
'e0kBTe\1/2

nee'
(2.6)

where Eq is the permittivity of the free space. Arje is the characteristic

length over which a charge is shielded in the quasi-neutral plasma. In

an electric field the charged particles move to reduce the effect of local

electric fields (Debye shielding), e.g. the electrodes attract charges of

the opposite sign. A potential drop develops near the surfaces whereas

the plasma bulk remains neutral. An ionized gas is considered a plasma
when the XDe <C L, where L is the dimension of the system. The Debye

length decreases with increasing electron density.



2.1 Principles of electrical gas discharges for material processing 13

Sheaths

JT

/
/
/

t
n/n

/

s- oneains^v

Plasma!
r

^%'
/
/ tnfi

<p l

/

/

1_

X

Figure 2.3: Electron and ion densities, electric field, and potential
of the plasma bulk and its sheath (positive space charge) [18].

Plasmas are therefore confined from wall surfaces by a several Debye

length thin positively charged layer called sheath (Fig. 2.3). Because the

electron thermal velocity is at least 100 times the ion thermal velocity,
the electrons reach the surface earlier leaving a positive space charge in

the vicinity of the surface what leads to a potential profile. The sheath

potential drop can be increased by applying an external bias. The force

acting on electrons is directed into the plasma and ions that enter the

sheath are accelerated towards the wall (ion bombardment). Charged

species that reach the surface recombine and are lost from the plasma

system.



14 2. Background

2.1.3 Plasmas of electrical discharges

For the generation of a low-temperature plasma discharge applying an

external electrical field in a low pressure environment is the most com¬

mon way to obtain the breakdown of a gas. With regard to the electrical

field discharges arc categorized as direct current (DC), radio frequency

(RF), and microwave (MW) discharges. In order to avoid interferences

with telecommunication frequencies the allowed frequencies for technical

applications are restricted. Therefore 13.56 MHz and 2.45 GHz are often

used in plasma processing.

Microwave plasma sources

Microwave plasmas arc sustained by coupling microwaves (MW) into the

plasma through applicators. Generally a MW plasma source consists of

a MW power supply, a circulator, the applicator, and the plasma load

(see section 3.1.1, Fig. 3.2). To transmit high power microwaves (> 200

W) into the plasma a waveguide is used. The applicator optimizes the

energy transfer into the plasma and by impedance matching a minimum

of reflected power is achieved. The circulator protects the power supply
from the reflected power resulting from an impedance mismatch. The

applicator is separated from the plasma chamber by a dielectric wall,

e.g. quartz glass, which is characterized by a low microwave absorption.

Larger plasma volumes (direct coupling: at 2.45 GHz the diameter is

limited by the width of the waveguide to 7.21 cm) can be produced by

coupling the microwaves into circular applicators. In a circular applicator
the plasma has an almost uniform radial electric field profile [22].

In the MHz and GHz range the motion of the positive ions is controlled

by the potential drop since the inversion of the polarity of the electric

field is too fast to follow. Similar behavior is found for electrons in

the GHz region. The electrons can also not follow the electric field as

the excitation frequency exceeds the eigenfrequency. Thus the plasma
acts as a dielectric. The energy absorbed by an electron during one

cycle in the collision-free state is about 0.03 eV at 2.45 GHz [22].
The absorbed energy is too small to sustain a plasma. Therefore the

pressure has to be elevated to 1 Pa to 103 Pa or a magnetic field is
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applied (enhanced electron motion) to increase the collision frequency.

By inducing a magnetic field pressures of 1Ü"4 Pa can be reached. Extra

magnets can be added to shape the magnetic field, hence achieve a

better control and confinement of the plasma. In contrast RF discharges

can be sustained even at lower pressures. The electron energy in MW

discharges is typically 5 - 15 eV compared to 1 - 2 eV in RF plasmas [24].

Radio frequency plasma sources

For radio frequency (RF) driven plasma sources two common methods

of power coupling exist: capacitive and inductive coupling. In an in¬

ductively coupled discharge the plasma is created by applying the RF

power to a non-resonant inductive coil. The electrons are accelerated by

an electric field induced by the changing magnetic field of the inductor.

In such a system a higher plasma density is achieved than in a capaci¬
tive coupled reactor. By introducing independently driven capacitively

coupled electrodes the ion/radical flux and the ion bombardment en¬

ergy can be controlled separately towards the RF powered electrode [18].

Capacitively driven RF plasma sources are often used for material

processing. The plan parallel geometry is the most simple configura¬

tion, consisting of two parallel planar electrodes with a spacing of a few

centimeters (illustrated in Fig. 2.4). The electrodes are powered by a

RF power source connected over an impedance matching network which

matches the generator output impedance to the mainly capacitive reac¬

tor impedance. The electrodes can be placed inside the reaction chamber

or outside if the chamber walls are dielectric.

By applying the RF power a large negative current is attracted by the

powered electrode during the positive half of the RF cycle as a conse¬

quence of the high mobility of the electrons, while during the other half

cycle only a small positive ion current flows (lower mobility of the ions

due to their heavy mass). The blocking capacitor (introduced into the

matching network) prevents any net current to circulate in the external

circuite, thus a higher quantity of negative charges accumulates on the

electrode during a complete cycle. In the following cycles the negative

charge accumulation on the electrode increases, but an increasing num-
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Electrode

/

vrt® Gas

Figure 2.4: Plan parallel configuration of a capacitively driven RF

discharge [18].

ber of electrons is repelled by the negative surface charge. The average

potential of the surface becomes more and more negative until the num¬

ber of electrons bombarding the electrode surface (when positive) equals
that of the positive ions arriving on the electrode during the negative
half of the RF cycle. The negative and the positive current are equal and

the net current zero. For most of the time of the cycle the ion current is

low, but in the short period when the plasma potential approaches that

of the electrode, a very high electron current results. At steady state

the RF potential oscillates around a negative DC potential (Vj>) regard¬

ing the plasma potential Vp as shown in Fig. 2.5. Vb is called substrate

self-bias or DC self-bias [20, 25].

Time

Figure 2.5: Potentials in a glow discharge with electrodes of un¬

equal areas [20].
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The plasma bulk (plasma potential Vp) is the most positive region in

a reactor. The potential drop is restricted to a small layer next to the

electrode due to shielding effects. The potential drop between the plasma
bulk and the electrode surface depends on the inverse ratio of the areas

of the two electrodes. This is due to the fact, that the impedance is

inversely proportional to the electrode area and the higher potential

drop results on the larger impedance, thus the smaller electrode. If the

reactor walls are conductive and exposed to the plasma they must be

included in the grounded electrode area. The smallest electrode that is

connected to the power supply experiences the highest potential drop.
Thus the negative bias potential causes a negative shift of the applied RF

power. Due to the potential drop the positive ions are accelerated and a

strong ion bombardment is induced upon the small electrode. Depending

on the position in the plasma, the substrate can experience a high or

low ion bombardment. If the areas of the two electrodes are the same,

the potential oscillates around ground potential and a ion bombardment

occurs on all the surfaces exposed to the plasma.

The energy of the ion bombardment is determined by the potential drop
which accelerates the positive ions from the plasma bulk towards the

substrate surface [20]. While impinging the surface the maximum kinetic

energy E^in^max of an accelerated ion is given by [11]

Ekin,max = e\Vp ~ H| (2-7)

However, since ions lose a part of their energy due to collisions in the

sheath the average ion energy Ë{ at the powered electrode is smaller.

For instance in the case of a RF discharge in CH4 at about 20 mTorr Ei

is [26]

Ei 7Ü 0.4 • Ekin,max (2-8)

Unlike RF plasmas, MW discharges do not form high voltage sheath.

Thus self-biasing of the substrate is not possible in a MW discharge.
To achieve a substrate self-bias, an additional independently driven ca¬

pacitively coupled RF source can be introduced. Thus the generation of
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active species in the gas phase and the ion flux and ion bombardment

energy can be controlled separately. In a so-called dual mode set-up

the advantages of the MW plasma (high ion density) and the ability
to control the ion bombardment by an independent substrate self-bias

(capacitive RF discharge) can be superimposed.

2.1.4 Plasma enhanced chemical vapor deposition

*• Off gas
Volatile byproducts,
Unreacted species,
Desorbed species

Process

gasses \^
Plasma

.Excitation, Ionization, Dissoziation

Gas phase reactions
Reactive intermediates, Radicals, Molecules

Adsorption, Surface reactions, Desorption
"Film"

Substrate

Figure 2.6: Schematic overview of a PECVD process.

Plasma deposition processes can be classified into plasma enhanced

chemical vapor deposition (PECVD) when inorganic films are deposited
and plasma polymerization if organic or monomer-like films are pro¬

duced. Additionally a wide region of transition exists. A PECVD process

can be divided into the chemical activation of the educt gases and the

formation of precursors for the deposition process, the transport of the

precursors to the substrate surface, reactions at the film surface, and the

venting of the exhaust gas (illustrated in Fig. 2.6). In the plasma zone the

process gases are excited, ionized, and/or dissociated (molecules). Hence

reactive species are formed through gas phase reactions. This process is

accompanied by a high degree of fragmentation of the monomer, thus a

large number of different species are produced. A more detailed descrip-
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tion of the reaction pathways for HMDSO/oxygen plasmas with focus

on our work is given in the next section.

Generally direct and remote reactor set-ups can be distinguished. In the

direct PECVD all process gases are excited in the plasma and the sample
is immersed in the plasma zone. In contrary in a remote process the

plasma zone is separated from the deposition zone and the monomer is

often injected in the afterglow of the plasma source. In a remote process

the process gas acts as an energy carrier from the plasma zone to the

deposition zone. The advantages of a remote process are the low physical
effects of the plasma on the processed substrate (reduced radiation and

temperature damages), reduced contamination of the plasma source, and

better control of the reactions.

The main advantages of using a PECVD process are the low deposi¬
tion temperatures, good step coverage, and controllable film composi¬
tion. Low temperatures are of importance if substrates like polymers are

coated or the diffusion of dopants has to be controlled. Major drawbacks

are the contamination of the film due to the incorporation of monomer

fragments, the porosity of the coatings, the low deposition rates, and the

particle formation in the gas phase.

2.2 SiOx films

SiOx films are used in optics, mechanics, microelectronics, and pack¬

aging. The chemical and mechanical properties of films deposited by
PECVD from organosilicon precursors and oxygen can vary in a wide

range [15, 27]. To deposit films the most often used organosilicons are

hexamethyldisiloxane (HMDSO: 0[Si(CH3)3]2, shown in Fig. 2.7) or

tetraethoxysilane (TEOS: Si[OC2H5]4) with 02, N20, or 02/N2 as exci¬

tation gas. Due to safety reasons and the possibility to define the organic
character of the deposited films, organosilicons are preferentially used to

silane. The chemical structure of the film can be varied from silicon

(SiOxCyHz) to Si02-likc depending on the power input and the gas flow

mixture [13]. Additionally HMDSO is often used because of its avail¬

ability, liquid state, volatility at room temperature, and the low costs

[14].
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Figure 2.7: Chemical structure of hexamethyldisiloxanc

(HMDSO).

2.2.1 Deposition Process

The chemical reactions in the plasma as well as the plasma-surface
interactions are still not fully understood. To characterize silicon oxide

films ex situ investigation methods (FTIR spectroscopy, XPS, ellipsom¬

etry, etc.) have been used. Furthermore, to study the mechanisms and

the chemical reactions in a deposition plasma in situ plasma diagnostics
like OES, Langmuir probe measurements, FTIR and mass spectroscopy

are employed.

Gas phase and surface reactions

The species in an oxygen/HMDSO plasma and its interaction with

the substrate surface is quite complex. The gas phase is composed of

atoms, monomer fragments, oligomers, nano powders, and undissoci-

ated monomer molecules. In the following, two models describing the

gas phase reactions and the film growth arc outlined.

By Magni et al. a schematic diagram of the reaction pathways of the most

abundant species in a oxygen/HMDSO plasma is presented (shown in

Fig. 2.8). Similar tendencies were found by Li ct al. [28] and Theirich et

al. [29].

For complex molecules like HMDSO dissociative ionization in the bulk

plasma was found to be the dominant process to produce the ion

Si20(CH3)5+, the neutral radical CH3, the ion Si(CH3)3+, and the neu¬

tral radical SiO(CH3)3. The formation of Si20(CH3)5+ and CH3 is fa¬

vored as the bonding energy of Si-C is 4.53 eV and of Si-0 8.31 eV. In

oxygen/HMDSO plasmas oxygen strongly reacts with the deposited film

and gas phase reactions are dominantly initiated by these species [31].
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Figure 2.8: Reaction pathways in a oxygen/HMDSO plasma.

Adapted from [30].

The neutral radical CH3 acts as precursor for two reaction pathways. One

leads to acetylene production from methane (hydrocarbon chemistry),
the other if oxygen is present to combustion reactions with the carbon

molecules to form formaldehyde, formic acid, carbon oxide, carbon diox¬

ide, and water. Carbon dioxide can also result from heterogeneous reac¬

tion of oxygen with the carbon from the deposition surfaces. Additionally
a large amount of molecular hydrogen originating from the fragmenta¬
tion of the C-H bonds is found. At high dilutions ([02]/[HMDSO] »



22 2. Background

10) the heterogeneous combustion reactions dominate. This is due to

the fact that both reaction pathways use the same precursor, thus the

combustion of CH3 by oxygen shortcuts the hydrocarbon chemistry [32].
Generally the oxygen content in the plasma determines the stoichiom-

etry of the deposited film. As a result of an incomplete fragmentation,

precursor molecules that contribute to the film growth contain organic

groups.

Additionally a third reaction pathway exists, leading to powder forma¬

tion. Positive ions with molecular weights of up to 300 amu are formed

by ion-neutral reactions. The consumption of these complex radicals

is mainly due to diffusion to the surface and their contribution to the

growing layer.

In addition to the reactions proposed by Magni et al., other authors

observed the formation of a considerable amount of ethane (recom¬
bination) and methane (reaction with atomic hydrogen) from methyl
radicals [28, 33]. The formation of linear oligomers in the plasma phase

was witnessed by Alexander et al. [34]. The chain growth is a result

of ion-molecule interactions and leads to the formation of Si(-0)2
structures in the plasma. Theirich et al. found that in remote processes

the plasma chemical reactions with oxygen are dominant over electron

collision processes for the film deposition. The dissociative ionization

of HMDSO under detachment of a methyl group is the most probable

process. Unlike Magni et al., three dominant precursors for the SiOx
film growth are proposed. All precursors result from transformations of

the HMDSO molecule in the oxygen/HMDSO plasmas. Their reactive

groups are silanon (Si—O), silanol (Si-OH), and aldehyde (C—O) [29].

In the following the deposition mechanisms are explained by the "acti¬

vated growth model" that is shown in Fig. 2.9 (adapted from Favia et

al. [14]).

Step A: By heterogeneous and homogeneous reactions the film precur¬

sors are generated.
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Figure 2.9: Activated growth model [14].
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Step B and C: The adsorption-desorption equilibrium and the film

activation are widely influenced by the surface temperature and

the substrate self-bias. The adsorption-desorption equilibrium is

shifted towards the desorption side by increasing the tempera¬

ture. This is due to its negative enthalpy and the increased ion

energy. For the precursor adsorption low-energy ions enhance the

film growth rate (step D) by creating active sites (dangling bonds,

distortions).

Step D: The film growth rate is depending on the surface polymeriza¬
tion of the arriving monomer fragments, thus strongly depends on

the substrate temperature.

Step E: Unlike step C, high-energetic ions depress precursor adsorp¬
tion and/or enhance the ion assisted etching. Therefore the overall

deposition rate is decreased.

Step F: At high substrate temperatures pyrolysis is of importance. The

deposition rate is suppressed and the film composition affected.

Modifications resulting from the addition of oxygen to the process gas
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are shown in Fig. 2.10 [14].
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Figure 2.10: Modified activated growth model due to the addition

of oxygen to the discharge [14].

Step a', a", and b: Like step A, homogeneous fragmentation induced

by electron impact leads to organic and inorganic precursors and

thus to film deposition through step b (Fig. 2.9, step B and D).

Step c', c", c'"\ and d: By reacting with the monomer (step c') and

the fragments (step c" and c""), oxygen molecules and atoms

change the balance between organic and inorganic precursors.

Through reaction d, a more inorganic coating is deposited.

Step c'": The heterogeneous film oxidation is effective at a high oxygen

feed.

The growth of films in the plasma bulk (at floating potential) is unlike

that of films deposited experiencing a strong ion bombardment of the

substrate and growing film. Thus it was concluded that film growth oc¬

curs at active sites formed on the surface due to the influence of energetic
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ions. The interaction of the energetic ions with the growing chains of a

plasma polymer film can result in the formation of free macro-radicals

on the surface [28]. In many plasmas (e.g. oxygen plasma) negative ions

are present. This leads to a significant reduction in the positive ion flux

towards the substrate [35] and to particulate formation [36, 37] due to

the fact that negative ions are usually trapped in the plasma potential
well imposed by the electrons.

Film microstructure

Low-temperature PECVD processes usually lead to porous films [38, 39],
The microstructure of the growing film is depending on the mobility of

the adsorbed species and therefore on the deposition process conditions.

The structure zone model proposed by Movchan-Demchishin [40] was de¬

duced from PVD processes. The model predicts the film microstructurc

as a function of T/Tm, where T is the substrate temperature and Tm

the melting temperature of the coating material. The film microstructure

can be divided into three zones:

Figure 2.11: Structure zone models for the film growth, (a) Model

proposed by Movchan & Demchishin [40]. (b) Model proposed by
Thornton for sputtered metal coatings [41].

Zone 1 (T/Tm < 0.3) shows separated columnar structures as a re¬

sult of shadowing effects. The deposits are porous as the surface

diffusion is insufficient to overcome this effect.
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Zone 2 (0.3 < T/Tm < 0.5) consists of columnar grains separated

by dense intercrystalline boundaries. A dominant surface diffusion

leads to smoother films.

Zone 3 (0.5 < T/Tm < 1) corresponds to grain structures like in

fully annealed metal. The film deposition is controlled by bulk

diffusion.

Thornton extended the original model by a transition zone (zone T) and

an axis for the sputtering gas pressure as can be seen in Fig. 2.11(b).
Diffusion processes induced by the ion bombardment of the growing film

were considered in the model revised by Messier et al. [42]. Similar film

structures were found at elevated temperatures like for an increased ion

bombardment.

Influence of the power variation

Applying a RF voltage to the substrate holder induces a negative self-bias

of the substrate holder. The negative self-bias voltage increases with an

increasing power input (shown in section 3.1.2). The ion bombardment

of a growing film during the deposition process influences its chemical

and physical properties. Energetic ions can induce bond breakage and

rearrangement resulting in dense and stable films with low stress levels

[43]. A sputtering process of the organic compounds of the film occurs

and the creation of a plasma located around the substrate holder leads

to an increased dissociation of the monomer close to the substrate [13].
Additionally, the ion bombardment enhances the desorption of volatile

species, thus the deposition rate is reduced [44, 45]. Benissad et al. found

that for dual mode the deposition rate is increased with increasing RF

power input as a result of the activation of the gas in the vicinity of

the substrate and the generation of surface adsorption sites due to the

ion bombardment, thus leading to an enhanced net adsorption rate [13].
Other authors witnessed a decreased deposition rate at high power levels

as the ion bombardment is expected to be enhanced and therefore also

the desorption of volatile species [44, 45]. Generally with an increasing

power input the amount of SiO increases, while the SiOH and carbon

content decreases in the deposited film [13, 15]. This is the result of
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an increased dissociation of the monomer in the gas phase (increase of

electron density) and of an enhanced etching of the organic groups by O

atoms. Additionally at a high power input the presence of powder was

witnessed [15].

At a low input power the deposited film can be characterized as

SiOxCyHz due to an incomplete oxidation of the hydrocarbon radicals.

Carbon was only detected in films deposited at low input power [15]. By
increasing the applied power the electron energy and/or density is in¬

creased. Thus the monomer fragmentation and oxygen atom production

are enhanced. From gas phase analysis it was found that the amount

of CO, C02+, and O increases with increasing power and then reaches

a plateau at an input power higher than 200 W. Hence the oxidation

process reaches its maximum efficiency. CH4 and other stable molecules

do not affect the carbon content of the film, due to the fact that such

stable molecules do not participate in the film growth [15], Additionally,

heterogeneous plasma-surface oxidation leads to a decrease of the carbon

and hydrogen content in the already deposited film [13].

Apart from SiOH groups, a good agreement of the species observed in

the gas phase and in the film was found. This suggests that the silanol

groups in the coating do not originate from the interaction of the sur¬

face with OH radicals [46], but rather from the polymerization of radicals

containing SiOH groups [15]. With increasing power the silanol concen¬

tration is decreased due to an enhanced fragmentation and oxidation of

partially oxidized fragments. Additionally a higher power input leads to

a more intense ion bombardment, which favors the dehydration conden¬

sation reaction of two adjacent silanol groups connected by hydrogen
bonds to form Si-O-Si bridges (with loss of water). The deposition rate

must be low, as the reaction occurs only at the film surface during the

deposition process [47]. An optimization of the gas composition and a

reduced pressure lead to a decrease of the deposition rate.

For dual mode it was found that the Si-0 stretching frequency is lowered

with an increasing RF power input [13]. This shift is the consequence of

a microscopic densification of the material and the replacement of Si-0

bonds by Si-H. Thus the local bonding changes causing a variation of

the IR stretching frequency [13].
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Influence of the feed gas composition

Adding oxygen to the discharge results in a modified fragmentation pat¬

tern due to homogeneous reactions of the oxygen atoms and molecules

with the monomer, its fragments, and the deposited film. Increasing the

oxygen-to-monomer flow rate ratio leads to ashing of the organosilicon

precursors in the plasma, thus lowering the carbon and hydrogen content

of the film and increasing the O/Si compositional ratio. The monomer

conversion of the fragments in the deposited film is enhanced, the depo¬

sition rate and the organic content decreased. As the amount of oxygen

is further increased the deposition rate is reduced due to a depletion
of the monomer in the gas phase [12]. The modified reaction pathways

resulting from the presence of oxygen arc shown in Fig. 2.10 [14].

At low dilutions (2 < [02]/ [HMDSO] < 9) carbon containing groups

were found in the deposited films. The deposited precursors are mainly

SiCxHy, CHX radicals and partially oxidized radicals [15]. Films contain

Si-(CH3)X structures as a result of the utilized precursor HMDSO. In

films deposited from TEOS OC2H5 groups were detected [48]. The film

stoichiometry can be described as SiOxCyHz. By increasing the oxygen

content in the gas flow the monomer is more easily fragmented. This

behavior can be ascribed to the oxygen-monomer and oxygen-fragment
bimolecular reactions, rather than to an increased electron impact frag¬
mentation of the monomer [14]. With an enhanced fragmentation in the

plasma a reduced amount of -CH3 groups are incorporated into the film.

Additionally the position of the 1260 cm"1 Si-(CH3)X absorption band

changes towards higher wave numbers [49]. This is due to the fact that

the Si-(CH3)X peak position is sensitive to the number of methyl groups

bonded to the silicon atoms [50]. An increase of oxygen leads to an en¬

hanced formation of highly oxidized Si(-0)3 and Si(-0)4 and a reduced

amount of Si(-0)i and Si(-0)2 [34]. The Si-O-Si peak position is shifted

towards higher wave numbers. This is assigned to a variation of the

neighbors in the film network or to changes in the bond angle [51]. At

high dilutions the homogeneous oxidation efficiency is enhanced and the

film composition Si02-like [15]. The Si-0 stretching band full width at

half maximum (FWHM) decreases, what indicates a better oxide qual¬

ity of the film [12]. These films show properties close to that of thermal

silicon dioxide [48].
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In the plasma phase Creatore et al. found reaction products like C02,

CO, formic acid, and formaldehyde, indicating the presence of oxidation

reactions involving hydrocarbon radicals CHX and fragments of HMDSO

molecules. CHX radicals also react to species such as CH4 (recombina¬
tion of H atoms) and C2H2 (recombination of CH radicals) [33]. With

an increasing oxygen-to-HMDSO flow rate ratio the concentration of

oxygen atoms in the gas phase is increased [15]. Thus in oxygen rich

plasmas the O atom concentration is high enough to transform the CH

structures into CO, C02 molecules by homogeneous and heterogeneous
oxidation reactions. As a result the deposited films are free of carbon. As

the organosilicon fraction is increased the atomic oxygen concentration

decreases, therefore the CH bonds are only partially transformed and CH

groups incorporated into the film [48]. Unlike other authors, Creatore et

al. found that only a small amount of the C02 observed in the gas phase

originates from the etching of organic surface groups [15, 52, 53]. This was

attributed to the higher pressure that favors bimolecular reactions in the

gas phase compared to heterogeneous reactions with the surface. At high

oxygen/HMDSO flow rate ratios the organic groups arc already oxidized

in the plasma and therefore the film precursors have a mostly inorganic
character. Creatore et al. found a maximum oxidation of carbon moieties

with an oxygen/HMDSO flow rate ratio of 20. Furthermore from Si and

SiO emissions it can be supposed that a mostly inorganic character of

the species present in the plasma phase is achieved at oxygen/HMDSO
ratios higher than 10. Films deposited under these conditions have a low

amount of carbon containing groups [15]. OH groups were detected for

all films, but with increasing oxygen content in the process gas the SiOH

content decreases [48].

As oxygen is involved in the dissociation process of the monomer in the

gas phase, it is responsible for the elimination of C and H atoms from

the growing film [54]. This elimination implies a competitive effect at the

film surface between deposition and etching processes. Upon exposure of

a SiOxCyHz film to an oxygen plasma it was shown by Vallée et al. that

the etching of the organic content in the film is due to O atoms. After

40 min of exposure of a 165 nm SiOxCyHz film to an oxygen plasma 38

nm film was lost, the top 50 nm close to Si02, and 77 nm unmodified [52].
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Influence of the temperature and pressure

As illustrated in Fig. 2.9 the temperature controls the adsorption of

species on the growing film, the surface polymerization of its precursors,

the film etching, and the film pyrolysis [14]. Thus the fundamental

reactions and equilibria involved in the plasma-surface interactions are

influenced. At low temperatures surface radicals are less mobile, hence

voids and rough structures are likely to result, leading to defects, or

poorly bonded silicon atoms in a-Si:H films [55]. High temperatures
lead to low growth rates because of an increased desorption, but also

in denser deposits with few defects due to an enhanced cross linking
and a reduced carbon and hydrogen content [14, 49]. Additionally the

amount of carbon in the deposited film decreases when the substrate

temperature is kept higher than the temperature of the chamber wall

during the deposition process [56].

As the pressure is elevated, the deposition rate first increases and then

decreases again [43]. The deposition rate is enhanced due to a prolonged
residence time of the gases at the surface. As a result of the high depo¬
sition rate a large number of silanol groups are included into the films

because there is not enough time for them to react [47]. At high pres¬

sures (above 200 Pa) the growth rate is reduced as the energetic species

are thermalizcd by random collisions before reaching the surface. Addi¬

tionally the film quality degrades [43, 57].

2.2.2 Ageing of SiOx films

The film composition and properties depend on the chemical reactions

in the plasma and on the surface, as well as on the processes (radicals
quenching, re-arrangement, oxidation, contamination) occurring after

the exposure to ambient conditions [14]. Due to the hydrophilic character

of the Si-O-Si bonds, H20 molecules are attracted when the film is stored

in the humid ambient [58]. Thus the porous silicon oxide films react with

the water molecules contained in the atmosphere leading to water ab¬

sorption and the generation of additional Si-OH groups in the film [38].
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This effect plays an important role in the degradation of mctal-oxide-

semiconductor devices [59]. Absorption of water degrades the electrical

properties of the hygroscopic films and induces changes in the physical

properties, e.g. stresses [58].

FTIR spectroscopy is a convenient tool to characterize the changes in the

film with time [38, 39, 58]. The OH stretching in the absorption region

of 2800 - 3900 cm'1 indicates if the SiOx film is affected over time [38].
A major challenge is the differentiation of the incorporated OH bonds

from the "as deposited" groups.

An increase of the organic content and silanol groups in the film leads

to the absorption of water upon exposure to the ambient [15]. Addition¬

ally a porous film microstructure enhances the incorporation of water.

The pore volume fraction strongly depends on the deposition conditions

and varies with the penetration of water [39]. Goullet et al. found that

porous films deposited from an oxygen/TEOS plasma ([02]/[TEOS] =

10) change significantly, whereas no shift was observed for Si02-hkc films

([02]/[TEOS] > 20) [38]. By introducing oxygen or nitrogen into the re¬

action chamber no significant changes were detected [58]. In contrast

as the films are exposed to ambient conditions, changes were observed

within the very first seconds for porous coatings with large amounts of

OH bonds. Afterwards the process slows down [38]. The immediate effect

of the exposure to the air is an adsorption process of water molecules,

followed by silica hydrolysis and stress relaxation [39]. This bridge is

chemically easier attackable since the bonding angle is small. A low an¬

gle represents strained or more sensitive bonds to chemical reactions for

steric reasons [60]. The reversibility of the incorporation of water mole¬

cules depends on the exposure time, as a part of the incorporated water

reacts irreversibly (see section 2.3.2). If the exposure time does not ex¬

ceed a few minutes, this phenomenon is found to be reversible [61]. It is

an indicator for porous and chemically unstable films. Unlike, Si02-like

films (void free, low -OH content) do not show evidence of changes when

exposed to the ambient atmosphere [58].

Upon exposure to the ambient the band intensity clearly increase below

3650 cm"1 while isolated SiOH species at 3650 cm"1 are insensitive to

aging. The asymmetry of the SiOH absorption band is common for hy¬

drogen bonding [38]. Similar tendencies were found by Brunet-Bruneau
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et al. and Vallée et al. [39, 48]. Valle et al. showed that the area of iso¬

lated SiOH peaks is almost constant upon film ageing, while the one of

associated SiOH groups was increasing due to the incorporation of at¬

mospheric water vapor into the film. To determine the amount of OH

groups incorporated during the film growth it is more reliable to choose

the isolated than the associated silanol absorbance as an indicator [58].

With an increasing exposure time an increase of the frequency of the

Si-O-Si stretching vibration mode and a decrease of the FWHM was

found. This cannot be attributed to an improvement of the silicon oxide

quality, as simultaneously an increase of the high frequency shoulder

was detected. The Si02 stretching band is composed of the TOi mode

at around 1070 cm"1 and the TO2 mode high energy shoulder at 1200

cm"1 [38]. A shift of the TO mode towards higher frequencies corresponds

to a relaxation (disruption) of the Si02 network due to water absorption

[39]. Si-O-Si groups become more reactive as the bond angles decrease.

Therefore the the conversion to Si-OH groups is facilitated, mainly the

Si-O-Si bonds of the low wave number side of this stretching band [62].
Thus the water incorporation induces an increase of the peak position

and a decrease of the FWHM of the TOi mode. This suggests an increase

of the disorder associated with the amorphous silicon dioxide thin films

[38].

The absorption peak around 2260 cm"1 can be assigned to the Si-H

stretching vibrations of the HSi03 group [63]. This group is likely to be

created by the influence of the direct plasma, here the ion bombardment,

as this chemical bond is not present in the HMDSO backbone or in

deposits from the MW plasma [64]. Radtsig et al. found that Si-H can

prevent the incorporation of water after the deposition process [65].

2.3 Gas permeation

Thin and flexible films which act as barrier against oxygen and wa¬

ter vapor are of general interest. A possibility to meet this require¬

ment is the deposition of thin low-permeability Si02-like films on poly¬
mer substrates. Regardless of the experimental conditions (e.g., pre¬

cursor, reactor set-up, substrate) in the literature a limiting value for
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the OTR (oxygen transmission rate) of such composites of 0.2 - 0.5

sccm/m2/day/atm [15, 66, 67] and for WVTR (water vapor transmis¬

sion rate) of 0.2 g/m2/day [68] is reported. These values are expected to

be lower by several orders of magnitude if the oxide-layer has a similar

structure like silica glass [67]. Hence the lattice structure is probably dif¬

ferent to annealed glass and the permeant can pass through micro-cracks

or pinholes. Additionally, antiblock particles on the PET film surface,

impurities, and nano-particles incorporated into the film induce defects

in the coating [68, 69, 70]. The measured activation energy for the gas

permeation through silica glass is about doubled the activation energy

observed through silicon oxide. In the following two chapters the perme¬

ation of low molecular, non-condensable gases like oxygen in general and

the permeation of water vapor is described.

2.3.1 General aspects

The gas permeation through a polymer film can be divided into three

steps: absorption of the permeant, diffusion through the film, and desorp¬
tion. To describe the sorption behavior at low permeant concentrations

the relation between the permeant partial pressure p in the gas phase
and the concentration c in the polymer is considered

c - Sp (2.9)

where S is Henry's solubility constant [71]. The molar flux j of a gas

diffusing through the polymer per unit area and time is proportional to

the concentration gradient and the diffusion coefficient D

By integrating cq. 2.10 over the film thickness d (|| = |£ = 0) and

including eq. 2.9, the flux can be described depending on the partial

pressure difference Ap across the system

j = -DS^P =
-P** = TR (2.11)

d d
v '
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The permeability P — DS is supposed to be a constant parameter de¬

scribing the material. Often the transmission rate TR is measured due

to the lack of knowledge of the permeant concentration at the membrane

surfaces, the assumption of an ideal behavior of the permeant included

in the correlations, and the differing behavior and only partially known

interactions of the permeant (e.g. water vapor) with the film. The TR

corresponds to a steady state value of j. Additionally, the water vapor

flux is not driven by a pressure gradient, but rather characterized by a

diffusion coefficient [67].

Assuming that the layers of a composite are free of macro-defects and

homogeneous, the permeability Put is given by the ideal laminate theory

[66]:

Put = (s|)
'

(2-12)

where fa = di/d is the volume fraction, di the thickness, and Pi the

permeability of each layer i.

Another approach is given by the activation energy AEP that is necessary

to transport one permeant molecule through the film. AEP is a measure

for the energy required to elevate the permeant to an activated state

and to distort the barrier matrix so that the permeant can move to the

next vacancy (if no macro-defects are present) [66]. This leads to the

temperature depending Arrhenius law [67]

n = n„-exp(-^|) (2.13)

where n is the permeance, Ho a system depending constant, R the uni¬

versal gas constant, and T the absolute Temperature.

2.3.2 Water vapor permeation

Despite the expanding areas of application the transport mechanisms of

water vapor through silicon oxide films are still not fully understood.

Several permeation mechanisms are proposed in the following section.
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Generally it is accepted that the gas permeation through SiOx/PET films

is influenced or dominated by defects in the silicon oxide [67, 70, 72, 73].
Roberts et al. proposed that gas and water vapor are transported through

gas barrier films by 3 different mechanisms [67]: un-hindered transport

through macro-defects (> 1 nm), hindered transport through nano-

defects (< 1 nm), and hindered transport through the amorphous silicon

oxide lattice (interstices < 0.3 nm). The permeation mechanism depends
on the size of the permeant molecule (or atom) and on the number and

size of each class of defects. According to studies using inert gases the

contribution of defects increase as the atom size is increased (He < Ne <

Ar = 02). Generally the contribution of macro- and nano-defect domi¬

nated transport is not yet solved. Reasons are that the characterization

of defects is difficult as the films are transparent, defects arc very small,
and a coverage of only about 0.001 % of the oxide surface renders the

barrier film permeable [67, 70].

Activation energy measurements of silicon oxide films deposited onto dif¬

ferent substrates revealed that not the polymer is rate-limiting for the

permeation of the water molecules but the silicon oxide film. However

at low temperatures lattice diffusion is supposed to be negligible as the

required activation energy is large (extrapolated from measurements at

high temperatures) [66], Unlike Tropsha et al., other authors found that

H2O diffuses through the network [67, 74]. An anomaly of the measured

activation energy of the water vapor diffusion in silica glass depending
on the temperature was reported [67]: T > 550 °C —> AEP œ 80 kj/mol;
T < 550 °C — AEP « 40 kJ/mol. Additionally, Roberts et al. propose

that most of the diffusion occurs through nano-defects and imply that

there are many more nano-defects in CVD Si02 than in silica glass [67].
A dependence of the permeation and the number density of defects (vi¬
sualization by undercutting with atomic oxygen) in the barrier coating

was found by Sobinho et al. Also the high permeability observed for thick

SiOx films is suggested to result from the presence of coating defects [68].
Tropsha et al. suggest that defects or free volume voids may represent

adsorption or pooling sites [66]. Hence, chemical and physical interac¬

tions of the permeant with the network can become the deciding factor

in the transport rate. Additionally, the strong interaction of water vapor

(unlike non-condensable gases) with both the PET and the silicon oxide
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leads to a WVTR which is directly dependent on the vapor concentra¬

tion. Water molecules dissolve molecularly in the glass and subsequently
react with the silicon-oxygen lattice. Studies dealing with silica glass
showed that dangling bonds (e.g., Si-O- or Si-) rapidly react with water

to form SiOH groups. Additionally, the interaction of water molecules

with the silicon oxide leads to the formation of pairs of adjacent silanol

groups (hydrolysis of the network: Si-O-Si + H20 — 2 Si-OH). As the

network is progressively broken up by this reaction, the glass structure

becomes more open, thus molecular water can diffuse more easily [75].
Other authors propose complex mechanism due to strong interaction of

water molecules with the PET and SiOx, like water-induced swelling of

the PET film and adsorption of H20 in nano-pores [76]. This results in a

non-Fickian diffusion behavior [77]. Henry et al. did neither find a defect-

driven permeation nor the permeation of water through the silicon oxide

network as dominant process, but rather reactions and interactions of

water molecules with the deposited film [72]. Interactions between the

water molecules and the exposed surface, thus a dependence on the sur¬

face structures, were found to be a rate limiting factor. A correlation of

the water permeation and the average RMS roughness from AFM mea¬

surements of the film surface showed that with increasing roughness the

permeation is increased [69]. Erlat et al. propose a combined mechanism

of nano-defect diffusion, chemical interactions of water molecules and

the silicon oxide, and adsorption of water. Thereafter water molecules

physically and chemically interact with the SiOx surface. To continue the

permeation process additional energy is required. The energetic interac¬

tions between the penetrating water molecules and the film are enhanced

as the size and/or density of nanoscale defects in the film decreases [73].

For films containing organic moieties (as deposited at low power or low

oxygen/HMDSO flow rate ratios) the interstice distribution is shifted

towards larger diameters. Several authors showed that carbon and silanol

groups incorporated in the film degrade the barrier performance [15,
38, 52]. Thus the carbon [15] and silanol content in the silicon oxide

can be correlated with its gas barrier performance. Silanol groups were

found to reduce the barrier performance of Si02-like coatings due to a

break in the dense network. Therefore a more porous structure results

[38] facilitating the diffusion of molecules. A possible explanation is that
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chemical reactions between the OH groups and the permeating molecules

occur. Creatore et al. showed that a high oxygen content in the process

gas reduces both, the carbon and silanol content in the film, thus results

in good barrier coatings [15].

2.4 Mechanical properties of thin films

2.4.1 Internal stresses

Mechanical properties such as adhesion or cohesion are influenced by the

stress state in the thin layer [78]. Internal stresses are inherent to most

composites, if dissimilar materials with different thermo-mechanical

properties are bonded together. Stresses resulting from the deposition

process are accumulated in the material system. Internal stresses are

defined as the sum of intrinsic and thermal stresses, hence a result of

temperature gradients (thermal stress) and disordered growth (intrinsic

stress) [79].

Mechanical equilibrium in the film

In Figure 2.12 two different stress states arc illustrated. In a) the film

is under tensile stress in b) under compressive stress. The thin film and

the substrate are in equilibrium despite the internal stresses

F= fadA = 0 (2.14)

M= faydA = 0 (2.15)

where F is the net force, M the resulting bending moment for a certain

film/substrate cross section, a the stress, y the lever arm of the bending

moment, and dA an area element (intuitive use). In Figure 2.12 a) it

is shown that due to film shrinkage the substrate is under compression

and the film under tension (vice versa in b)), hence the sample bends
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SUBSTRATE

FILM UNDER RESIDUAL
TENSILE STRESS

FILM UNDER RESIDUAL
COMPRESSIVE STRESS

Figure 2.12: Mechanical equilibrium in the a composite, a) residual

tensile stress in the film; b) residual compressive stress in the film

[78].

to reach a mechanical equilibrium so that the momentum equation eq.

2.15 is fulfilled [78]. Tensile stresses greater than the cohesive strength of

the coating lead to cracks while an excessive level of compressive stresses

results in buckling phenomena [79].

To analytically determine the internal stress state of the thin film the

one-dimensional analysis of Stoney [80] can be used. In the following

Stoney's equation is derived (from Ohring [78]). In Fig. 2.13 a) the coated

substrate with substrate thickness ds, film thickness d/, Young's modulus

Es and Ef of the substrate and film, respectively, can be seen. The forces

F and momentum M that act on the composite are illustrated in Fig.
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Figure 2.13: Illustration of the model to determine the stress state:

a) composite structure; b) film and substrate with interfacial forces

and end momentum; c) elastic bending of composite under applied
end momentum [78].

2.13 b). From the equilibrium of forces follows

Ff = Fs (2.16)

from the equilibrium of momentum

(df + d8)Ff
= Mf + M8 (2.17)
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In Fig. 2.13 c) an isolated composite section bent by the momentum M

can be seen. The state of stress changes linearly from maximum tension

—<rm to maximum compression +crrn. By using Hook's law it results in

E{(R + d/2)e-W) Ed
am =

m
= ±^ (2-18)

where R is the curvature radius and 9 the subtended angle. Thus the

bending moment over the composite section can be calculated as follows

(with sample width w):

fd/2 ( y \
,

omd2w Edsw
,_x

M=2L """'(^) »*=-v=laß (2-i9)

This equation is valid for both, substrate and film:

Efd)w Esd3sw
Mf

=
'* und Ms =

"°

1
12R 12R

These correlations are inserted in eq. 2.17 leading to

(<if + d8)Ff
=

wEfd) wEsdl
2 12R 12R

{ ' '

If the substrate is much thicker than the film (ds 3> df), eq. 2.20 can be

approximated by

dBFf
_

wEsd3s
2 12R

{ ' '

Thus the internal stresses are defined by the Stoney equation for uniaxial

stress condition:

Ft E,di
= _J_

= _^jl 222
1

dfw 6Rdf
v '
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In eq. 2.22, compressive stresses result in a negative and tensile stresses

a positive algebraic sign for a/.

To account for a biaxial stress distribution in films, the right hand side

of eq. 2.22 is divided by (1 — vs), where vs is the Poisson ratio of the

substrate [81]. Additionally, in-plane deformations of the coated film

have to be considered. Therefore various correlations, which take these

effects into account to calculate the internal stresses are given in [79].
2

For R > ^- is the difference of the results obtained by eq. 2.22 and by
the modified correlations only a few percent.

Thermal stress

During the deposition process heat dissipates into the polymer substrate

and results in an increase of the substrate temperature. During the cool¬

ing process stresses build up in the composite due to large differences of

the Young's modulus E and the thermal expansion coefficients a of the

polymer and the silicon oxide [79]. Thermal stresses can be described as

follows [78]:

at =
(°'-"/)*ra/

(2.23)
1-Uf

Intrinsic stress

The non-equilibrium thermodynamic nature of the deposition process

leads to a quenched disorder state of the molecules in the silicon ox¬

ide coating, thus nano-void defects in the network and dangling Si-OH

bonds. The intrinsic stress er^ is mainly insensitive to the substrate and

coating thickness [79]. Oi is quantified by [78]

ai = (jf
- at (2.24)

with the internal film stress 07 and the thermal stress at.
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2.4.2 Adhesion and cohesion

Layers deposited by PVD do not show an interface like PECVD films.

The interface may well account for the superior adhesion and mechanical

properties of films deposited by PECVD [82].

Adhesion

The adhesion describes the capability of bonding one material to another

at their interface, here substrate and silicon oxide film. It requires work

to separate the two materials again. Adhesion can be the result of elec¬

trostatic forces, Van-der-Waals-forces, or chemical bonding (covalent or

ion bonds). By convention, magnetic attractions are excluded. The best

adhesion is achieved by covalent bonds [83].

The adhesion of two layers in a composite can be analyzed by investigat¬

ing the interfacial shear strength [82]. Therefore, the Kelly-Tyson model

is applied which assumes a perfectly plastic behavior of the interface [84].
This approach is applicable due to the plastic flow of the PET film in

the strain range of the silicon oxide fragmentation [81].

dx

Glass coating °f-^ "—"
* |—|^^ 0^ 4. dOf

polymer substrate

T

Figure 2.14: Equilibrium of an infinitesimal glass slice with length
dx [85].

The stress distribution at the interface and in the silicon oxide film is

derived from the equilibrium state of a small coating element with the

length dx subjected to tension perpendicular to the interface normal [85]
(Fig. 2.14)

awdf + rwdx — (a + d<r)wdf (2.25)
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where a is the stress in the film along the loading direction x, w the film

width, df the coating thickness, and r the interfacial shear stress. Eq.
2.25 can be rewritten as

da t
, ,

dx df

Assuming that the coating strength crmax is independent of the frag¬
ment size, a perfectly plastic PET matrix (interfacial shear strength is

constant), and negligible end effects of the silicon oxide film, then eq.

2.26 can be integrated [86]

r=2flamax(lc) (2.27)

with the critical stress transfer length lc — x^fhat-, which is a func¬

tion of the average fragment length at saturation of the fragmentation

process. The factor
1 237 was experimentally determined by Leterrier et

al. [86]. A fragment with critical stress transfer length lc is defined as the

smallest fragment that can undergo failure. The shear stress r represents

an apparent adhesion. It is the sum of the intrinsic shear stress r^ and

the internal shear stress t/ [87]

<Ji,max{lc) - —z—°7 (2.28)

Cohesion

The cohesion describes real chemical bonding or inter-molecular forces

that hold a material together. It is a special case of adhesion, when

similar particles stick together. Unlike adhesion forces which appear at

the interface, the cohesive forces act within a material and determine

its strength/stability. For coatings the cohesion describes the strength
within the layers. Under mechanical load a reduced cohesive strength of

a layer leads to failure [88].
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The cohesive strength of a brittle material like silicon oxide strongly

depends on defects. Thus the strength of a fragment depends on the

probability of a crack with critical length and its volume [89]. Due to

the small size of a single film fragment the parameters of the strength
distribution have to be determined in fragmentation tests. Surface and

volume defects are investigated. According to the weakest link model the

strength distribution in the coating fragment with length / is [89]

F (a) — 1 — exp

Iwd Iw
—,—TÎv{<y) - -,—/sff
l0Wodo IqWq

(2.29)

where fy and fs account for volume and surface defects. lo,wo,do are

normalizing factors to render the exponent dimensionless. Choosing wq =

w, do = <i, and approximating fv(&) + fs{&) — (f )a with a and ß as

Weibull parameters, the two parameter Weibull distribution for coating

strength is obtained [89]

F(a) — 1 — exp
l_ (^ (2.30)

In the initial state of the film fragmentation it is assumed that the resid¬

ual stresses are negligible since the fragment lengths are large compared
to the characteristic ineffective length, thus the stress relaxation at break

points of the fragmentation can be neglected [90]. Therefore the average

fragment length I is related to the stress acting in the film [89]

(2.31)

where Ö is the stress transfer length. At fragmentation on-set Ô is small

compared to the fragment length, thus nominal strain is gained along
the fragment length for small strains. Eq. 2.31 simplifies to

log f — j - a log(/3) - a log(a) (2.32)
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The Weibull parameters can be determined from a linear approxima¬
tion of the initial part of the fragmentation diagram plotted in logarith¬
mic scale. As simplification ^o is set to 1/im. Consequently the cohesion

strength of the film can be determined as follows [82]

(Tmax(lc) = ß(r) ^(1+-) (2.33)

where T — JQ e-*^"1 is the gamma function. o-max(lc), x > 0 represents

an apparent cohesive strength. It is a combination of the intrinsic stress

Ci,max(lc) and partially relaxed internal stress er/ (see eq. 2.22) in the

fragment of length lc:

1.337
%ax(y = <Ti,max(lc) ~ —~—<?f (2.34)
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Chapter 3

Experimental

3.1 PECVD set-up

The PECVD reactor set-up mainly consists of the deposition chamber

with the microwave (MW) plasma source and the radio frequency (RF)
biased substrate holder, the pumping unit, and the gas supply. The

process diagram is presented in Fig. 3.1.

In the reactor set-up three different operation modes are possible due to

the fact that the MW and RF plasma source can be operated indepen¬

dently. Depending on the discharge type they are called:

• MW mode, only the MW plasma source is ignited.

• RF mode, only the RF plasma source is ignited.

• dual mode, both plasma sources arc ignited simultaneously.

3.1.1 Microwave plasma source

The microwave (MW) plasma is ignited and maintained in a downstream

slot antenna plasma source SLAN I (open version, JE Plasma Consult
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ï

//'

I l/\J He")

Figure 3.1: Process diagram of the PECVD Reactor set-up. Re¬

produced with permission from [4].
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GmbH, Wuppertal, Germany). A cross sectional view is shown in Fig.
3.2.

Microwaves are generated by the magnetron in the microwave head of

the 2.45 GHz microwave generator (Type GMP 60 KE/DC, SAIREM,

Neyron, France). The generator is composed of a control unit, a power

supply, and the microwave head and is capable of delivering 600 - 6000 W

MW power. The microwave head consists of an arc detection system, a

water cooling circuit, and a reflected power measuring circuit. Between

the generator and the plasma load a three port circulator directs the

reflected power from the plasma into a water cooled dummy load to

protect the magnetron from possible damage.

quartz wall ring cavity

plasma

magnetron

standing wave
E-field pattern

coupling
slot

middle-line of

annular waveguide

circulator

adjustable
coupling probe

movable

plunger

Figure 3.2: Cross sectional view of the slot antenna plasma source

SLAN I [91].

The generated MW power is coupled from the magnetron to the SLAN

via a R26 wave guide. After the transfer through the rectangular

waveguide, the microwaves are coupled into an annular wave guide (ring
resonator) by a conductive rod, called capacitive coupling probe, which

is positioned perpendicularly to the input wave guide. The immersion
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depth of the capacitive coupling probe into the ring cavity can be varied

to match the impedance of the plasma. Because of the highly nonlinear

plasma impedance the active antenna length as well as the plunger posi¬
tion can be adjusted to minimize the reflected power. The end position
is set by a shorting plunger.

The diameter of the ring-resonator is chosen so that a standing elec¬

tromagnetic wave develops inside. On the inner side of the ring cav¬

ity 10 resonant coupling slots are positioned with half of a free-space

wavelength distance (6.12 cm), equally spaced azimuthal, and axially di¬

rected, i.e. perpendicular to the direction of the wave propagation inside

the wave guide. In the ideal case of an unloaded cavity, the nodes of the

electromagnetic field are at the position of the coupling slot. The slots

propagate the microwaves through the quartz cylinder into the plasma
chamber. The quartz cylinder is transparent for microwaves and sepa¬

rates the evacuated reaction chamber from the ambient. The plasma can

be ignited if all necessary requirements are fulfilled by manually match¬

ing the impedance with the coupling probe and the shorting plunger.

3.1.2 Radio frequency biased substrate holder

The radio frequency (RF) biased substrate holder (RBS 150/100, JE

PlasmaConsult GmbH, Wuppertal, Germany) is RF powered at a fre¬

quency of 13.56 MHz. It is required to develop a DC bias at the base

plate (Fig. 3.3) as described in section 2.1.3 and therefore direct the ion

bombardment towards the substrate material. The system consists of the

RF generator and the matching network.

A scheme of the RF-biased substrate holder is shown in Fig. 3.3. The

substrate is mounted onto the water cooled RF-biased base plate. To

prevent excessive substrate heating due to the ion bombardment a good
thermal contact has to be established between the substrate and the

base plate. The cooling water and the RF connection are embedded in

the connection rod between the base plate and the flange. The substrate

position is limited by the rod length and can be varied continuously up

to 100 mm. The base plate position can be adjusted under vacuum and

as the substrate holder is powered. The temperature of the cooling water
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can be varied between 10 °C and 50 °C. The ports for the RF connec¬

tion, cooling water, and DC bias are at the backside of the matchbox as

illustrated in Fig. 3.3.

To avoid the generation of a plasma at the rear side of the base plate
and the connection rod, a dark space shielding is used. The dark space

shield is electrically grounded and the distance to the RF driven plate
has been chosen so that no plasma does ignite between the shielding and

the base plate for most operation conditions (Paschen's law).

-4
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Clamping ring
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Dark space shield

Connection rod

Reactor end
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connection

Manual matching
adjustment

(capacitors)

Figure 3.3: Scheme of the RF-biased substrate holder (RBS). Re¬

produced with permission from [4].

The RF generator (Cesar 1310, Dressier HF-Tcchnik GmbH, Stolberg-

Vicht, Germany) is capable of generating 1000 W RF power at a fre¬

quency of 13.56 MHz. It is connected to the matching network (match-
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box) which matches the 50 Q, purely resistive generator output im¬

pedance to the mainly capacitive reactor impedance. The reactor im¬

pedance includes the glow discharge and the connecting cables. The

matching network has to be adjusted since the plasma load varies de¬

pending on the reactor geometry and the process conditions. It is rep¬

resented in a first order approximation by the capacitance Cp and the

resistivity Rp that depends on the actual plasma parameters (Fig. 3.4).
The base plate and the grounded reactor walls represent the counter

electrodes and contribute to Cp. By an impedance matching the tunable

capacitors Ci and C2 and the inductance L (copper coil) are adjusted in

such a way that the reflected RF power can be minimized. For atomic

and molecular gases the reflected power can be kept close to zero for a

broad pressure range and various substrate geometries. Ideally the im¬

pedance of the matching network is complex conjugate of that of the

plasma load. An RF input power coupling of up to 300 W is possible
due to the capacitance of the matching network.

RF generator Matching network

—it L

#d

Plasma load

Figure 3.4: Scheme of the matching network, connecting the RF

power supply and the RBS.

The DC bias or so-called substrate self-bias is measured between the

base plate and ground. It depends strongly on the RF power input as

shown in Fig. 3.5 (general square root law between voltage and power).
Due to different stages of SiOx coverage of the reactor walls (counter
electrode) the self-bias was varying by ± 10 %.
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Figure 3.5: Dependence of the substrate self-bias on the RF input

power during the deposition process.

3.1.3 PECVD reactor

The reaction chamber has a total volume of approximately 20 1 and is

divided into two main zones: the MW plasma source and the deposition

zone with the RF biased substrate holder. The MW plasma source is

set on the top of the deposition chamber, attached by a DN 250 ISO-K

flange. The RF-biased substrate holder is introduced from the bottom

and sealed to the reactor by a base plate with a 180 x 4 mm2 viton O-

ring gasket. The whole system is controlled from a central control unit.

Descriptions of the MW plasma source and RF-biased substrate holder

can be found in section 3.1.1 and 3.1.2, respectively.

The substrate is mounted onto the RF-biased substrate holder. The sub¬

strate position in the reaction chamber can be varied by a telescoping

construction, thus the distance from the MW plasma source and the

analytical port can be adjusted.

The deposition chamber is made of stainless steel and has a length of

470 mm and an inner diameter of 160 mm. It consists of the monomer

shower, the connection to the pumping unit, the pressure transducer,
the aeration valve, and the analytical port.

The process gases oxygen and argon are fed at the top of the MW plasma

I I I I j I M I | M I I | I I I I p til J M I I | M I I

1 I I ' I ' ' I ' ' I ' ' ' I ' ' '
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source and the monomer HMDSO is injected in the afterglow through the

monomer ring shower. The gas showers consist of a ring cavity with 10

and 24 drill holes, respectively, pointing in a 45
°

angle downwards. The

flow rate of the gas supply is controlled by thermal mass flow controllers

(Type 1179, MKS, Methuen, Massachusetts, USA for argon and oxygen;

Type UFC-9350, Unit Instruments, Dublin, Ireland for HMDSO). The

flow rates are given in seem (standard cubic centimeter, 1 seem corre¬

sponds to 7.45 • 10"7 mol/s) and are 5 - 100 seem for argon, 5 - 500 seem

for oxygen, and 5-212 seem for HMDSO.

The monomer is vaporized by heating the cylindrical container to 50

°C by a heating band. To avoid condensation in the supply pipe and

flow controller, which results in damages in the flow controller, the pipes
are heated to 55 °C and 60 °C, respectively. Temperatures are measured

with Pt 100 sensors and regulated by a PID temperature controller (Type
2216, Eurotherm Produkte AG, Glattbrugg, Switzerland). The monomer

is injected 95 mm below the MW plasma source.

The multistage pumping unit (Leybold Vakuum GmbH, Köln, Germany)
consists as backing pump of a rotary vane pump (Trivac D65BCS PFPE)
with a nominal pumping rate of 65 m3/h and a roots pump (RUVAC WS
1001 PFPE) with a nominal pumping rate of 1000 m3/h. The reactor is

pre-evacuated by the rotary vane pump until a pressure below 23 mbar

is reached. Then the roots pump is activated by a pressure switch. Both

pumps use perfluorized polycthcr as sealant and lubricant. The pumping
unit is thermally controlled by a water-air-cooler. The pumping unit is

connected by a DN 63 ISO-K flexible metal hose to the reaction chamber.

A minimum pressure of 0.05 mbar is reached in the reaction chamber.

The reactor pressure is measured by a absolute pressure transducer

(Baraton Type 627A, MKS Instruments, Andover, Massachusetts, USA)
and regulated by a butterfly throttle valve (Type 253B, MKS Instru¬

ments, Andover, Massachusetts, USA), placed between the pumping unit

and the reactor chamber. The set point is ensured by a PID pressure con¬

troller (Type 651 C, MKS, Andover, Massachusetts, USA).

The temperature of the deposition chamber is set by the jacketed reactor

wall and can be varied depending on the heat transferring medium.
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3.2 Materials

Substrate materials

As substrate materials polyethylene terephthalate (PET) films and sil¬

icon wafers were used. To analyze the mechanical properties and the

oxygen and water vapor barrier performance, SiOx films were deposited
onto 12 ^m thick PET films (DuPont, Teijin Films, Mylar Type A;

www.dupontteijinfilms.com). The PET film is biaxially oriented and

semicrystalline. Other relevant properties arc listed in Tab. 3.1.

Table 3.1: Properties of the PET (Mylar A) film according to

www.dupontteijinfilms.com.

Property Value

Melting temperature (Tm) 254 °C

Glass transition temperature (Tg) 70 °C

Crystallinity 36 %

Surface roughness (Ra) 38 nm

Young's Modulus (E) 4.15 GPa (isotrop)

Poisson's ratio (v) 0.38

02 transmission rate (OTR) at 25 °C 100 sccm/m2/d

H20 vapor transmission rate (WVTR) at 23 °C 20 g/m2/d

Single-side polished silicon wafers of 550 - 650 ßm. thickness were used for

FTIR spectroscopy and ellipsometry analysis. The wafer size depended
on the application. FTIR spectroscopy was conducted on Si-wafers due

to the transparency of the substrate in the investigated infrared region.
For ellipsometry measurements smooth and opaque substrates were

required.

Process gases and chemicals

Oxygen, argon, and HMDSO were used for the deposition process. All

gases were stored in 20 1 bottles at 200 bar and HMDSO as liquid under

vacuum at ambient conditions. The purity was > 98.5 % for HMDSO
,

> 99.0 % for oxygen and argon.
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3.3 Experiments and experimental condi¬

tions

After mounting the substrate material onto the substrate holder the

deposition chamber was evacuated to below 0.06 mbar. The RF plasma

can be generated at process conditions. In contrast, to ignite the MW

plasma argon gas was used at a pressure of 0.8 - 1.0 mbar. After the

ignition the process gas was changed to oxygen and the monomer added.

Due to high etching rates of the pure RF oxygen plasma, the RF plasma
was ignited after the monomer flow was established. Later the growing

SiOx film protects the substrate against the ion bombardment. After

the deposition experiment the reactor chamber is again pumped down,
then vented to atmospheric pressure by ambient air and the substrate

removed. The barrier coatings were deposited onto PET films or silicon

wafers with deposition rates of up to 500 nm per minute. Depending on

the deposition conditions the PET films heated up to maximum 70 °C,

the 3D geometries up to 100 °C.

Table 3.2: Process parameters with their range of variation and

default value.

Parameter Variation range Default value

Oxygen-to-HMDSO flow rate ratio 1 - 40 15

RF power (substrate holder) 50- 300 W 200 W

MW power 600 - 3000 W 1500 W

Reactor pressure 0.13- 0.8 mbar 0.2 mbar

Temperature (substrate holder) 10- 50 °C 20 °C

Temperature (reactor walls) 20- 80 °C 50 °C

Deposition time (film thickness resp.) 15 - 240 s 60 s

The range of process parameter variation and their default values can be

seen in Tab. 3.2. The default settings were deduced from preliminary ex¬

periments and correspond to an effective oxygen and water vapor barrier

performance of the deposited silicon oxide films. In each experimental
series a single process parameter was varied in the mentioned range and
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the other parameters kept constant at their default value. In all experi¬

ments the HMDSO flow rate was set to 10 seem.

3.4 Film analysis

3.4.1 Oxygen transmission rate

The oxygen transmission rate (OTR) of silicon oxide coated PET films

was analyzed by an Oxtran-100 (Mocon, Modern Controls INC., Min¬

neapolis, USA) according to DIN 53380. The test set-up is illustrated in

Fig. 3.6. The permeation cell is separated into two halves by the mounted

substrate. During the measurement oxygen flows through the upper half,

carrier gas through the lower half. Before passing the permeation cell

both gas flows are humidified in a bubbler and the residual oxygen in

the carrier gas is reduced in a platinum catalyst. The gas flow rates are

10 seem. The permeation cell can be heated up to 70 °C. The oxygen

that permeates through the sample is transported to the sensor by the

carrier gas. The coulometric sensor consists of a graphite cathode soaked

with potassium hydroxide and a cadmium anode. According to reaction

3.1 and 3.2 the permeating oxygen flow rate is directly proportional to

the resulting current

02 + 2tf20 + 4e" ^ 40#- (3.1)

2Cd + 40H~ -» 2Cd(OH)2 + 4e~ (3.2)

Before each measurement the system is flushed with carrier gas (mixture
of 95 % nitrogen and 5 % hydrogen) to remove the residual oxygen and

determine the baseline. A constant baseline was reached after about one

hour. The baseline results from the leakage of atmospheric oxygen into

the system. During the test the upper half cell is purged by oxygen for

more than one hour. In preliminary experiments it was shown that this

duration of time is sufficient to reach at least 98 % of the steady state

value for SiOx/PET composites. All measurements were conducted at

25 °C.
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Figure 3.6: Principle of the Oxtran-100 oxygen permeability tester.

3.4.2 Water vapor transmission rate

The water vapor transmission rate (WVTR) was measured with a Lyssy
water vapor permeation tester L 80 - 5000 (Lyssy AG, Zollikon, CH).
A scheme of the used test unit is presented in Fig. 3.7. The sample

separates the chamber saturated with water vapor from the dry chamber

lying above. In the dry chamber a humidity sensor is incorporated. This

chamber is flushed with air that passed a desiccator or is sealed by two

magnet valves during the measurements. A test cycle consists of 4 stages:

1. Drying of the upper chamber.

2. Sealing of the inlet and retarded sealing of the exhaust valve to

equalize the pressure.

3. The humidity in the sealed sensor chamber increases. The higher
the permeability of the sample is the faster increases the humidity.
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4. Purging of the chamber with dry air.

Desiccator

Humidity sensor

Dry chamber

Water vapor

saturated atmophere

Water

Sample

Figure 3.7: Principle of the Lyssy water vapor permeability tester

L 80 - 5000.

The WVTR should be determined at a relative humidity of 10 - 15 %.

The set range of humidity passed during a test is determined by cali¬

brating the device. The calibration is performed in a calibration cell with

known humidity standards (0 %, 10 %, 35 %, and 80% relative humid¬

ity). The temperature can be adjusted by the thermostat temperature.
All calibrations and measurements were conducted at 23 °C.

By measuring the time used to run through a certain test interval the

WVTR is determined. The humidity increase rate in the upper cell de¬

pends on the water vapor barrier performance of the tested film. To eval¬

uate the WVTR of the investigated samples a linear regression was ap¬

plied to the results (times) of different known standard films (20 g/m2/d,
10 g/m2/d, 5.5 g/m2/d, and 0.44 g/m2/d) at test conditions.

The accuracy of the results is of ± 15 %. Coated samples were first tested

with an Oxtran-100 (see section 3.4.1) to investigate the coating quality
with respect to the oxygen permeation because effective barrier coatings

against water vapor are much harder to achieve than against oxygen. It

was assumed that OTR measurements do not affect the coating proper¬

ties and are non-destructive, unlike WVTR measurements [73].
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3.4.3 Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectrometry can provide informa¬

tion about the chemical bonding of solid materials and thin films. The

advantages of this method are that the analysis are non-destructive,

non-invasive, fast, and easy to perform. The principle of the used FTIR

spectrometer Spectrum BX II (PerkinElmer, Shelton, CT, USA) is illus¬

trated in Fig. 3.8.

Q HeNe laser 0 IR detector 0 Adjustable concave mirror

0 Glass window 0 Fixed concave mirrors 0 Laser fringe detector

0 Purge covgr 0 Optical stop 0 Interferometer flat mirror

0 Shield 0 Window 0 Beamsplitter

(s) Source cover 0 Sample compartment 0 Interferometer scan mirrors (2)

0 Adjustable laser mirror 0 IR beam focus IR beam

Laser beam

Figure 3.8: Principle of the FTIR spectometer Spectrum BX II

[92].

The method is based on intensity changes of the infrared beam as a func¬

tion of the frequency after its interaction with the sample. The fraction

of light transmitted through a sample is defined in eq. 3.3, where Tw is

the transmittance of the sample at the frequency uj, Iq is the intensity
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of the incident light beam upon the sample, and It the intensity of the

transmitted light.

T„ = &U, (3-3)

A spectrophotometer, which incorporates as dispersion element a Michel-

son interferometer with a correction for tilt and shear of the mirrors, was

used. All frequencies emitted by the interferometer follow the same opti¬
cal path, but differ in the time at which they are emitted. The intensity-
time output of the interferometer must be subjected to a Fourier trans¬

formation to be converted into a spectrum. A deuterated tri-glycene
sulfate (DTGS) detector is incorporated into the system to detect the

transmitted beam.

The wavelength at which absorption occurs is identified by measuring

the intensity change of the light after transmission through the sample
as a function of the wavelength. The absorption of wavelengths repre¬

sents excitation of vibrations of the chemical bonds and is specific to the

type of bond and group of atoms involved in the vibration. The ratio

of the intensities before and after the beam interacts with the sample is

determined.

For the FTIR analysis the SiOx films were deposited onto silicon wafers

to provide a defined background and transparency in the investigated

range. For each spectrum 16 scans in the range of 600 - 4000 cm"1 were

accumulated with a resolution of 4 cm"1. A background was recorded

before the measurement of each series.

All spectra were analyzed by the software "Spectrum for Windows"

(PerkinElmer, Shelton, CT, USA). For the baseline correction the CO2

peaks were first blanked from the spectra. All data were compared as

absorbance spectra.

3.4.4 Variable-angle spectroscopic ellipsometry

Variable-angle spectroscopic ellipsometry (VASE) is a non-destructive

method to determine the optical properties and thicknesses of trans¬

parent layered structures. In this work the SiOx film thickness d and
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refractive index n were determined with a variable angle spectroscopic

ellipsometer (M-2000F) with a spectral range from 245 to 995 nm.

The measurements were conducted in air at three different incident an¬

gles (65°, 70°, and 75°). All spectra were recorded from A = 370 nm to

995 nm, since this spectral range contains the information on the layer
thickness.

In Fig. 3.9 the principle of the system is shown. Light is emitted from a

xenon lamp and linearly polarized. In the following rotating compensator
the beam is elliptically polarized. Depending on the optical properties of

the sample the polarization ellipse of the beam that is reflected on the

sample is changed. After passing the analyzer the beam is detected by a

CCD camera.

Linear

CCCD camera> polarization

varying

amplitude
Altered

elliptical

polarization,

rotating

Linear

polarization

Random

polarization^

Analyzer

Elliptical

polarization,

rotating Polarizer

Sample

Rotating

compensator

Figure 3.9: Principle of the spectroscopic ellipsometer.

The dependence of the optical parameters on the reflection coefficients

can be determined with a mathematical model. To describe the substrate

and the silicon oxide film a two-layer model was used: Silicon as bulk

material and the deposited SiOx film as top layer. The model is used to

transform the measured parameters \I/ and A into layer thicknesses and

refractive indices. ^ is a measure for the changes in reflection coefficient

ratio and A represents the relative phase shift between the parallel and

rectangular polarized part of the wave. The wavelength-dependence of

the refractive index was approximated by a Cauchy model

/ \ \ A ,
n

i
n

n{\) = An +
—

+
— (3.4)



3.4 Film analysis 63

where An, Bn, and Cn arc fitting parameters. In most experiments Bn

and Cn were set 0.01 ßm2 and 0, respectively. The fitting was done by a

mean square error function from 370 to 995 nm. The refractive index was

determined at A = 633 nm. To conduct the ellipsometry measurements

the silicon oxide films were deposited onto single side polished Si-wafer

due to the low surface roughness and the opaqueness of the wafer. The

measured values are an average of an sample area of approximately 3

mm in diameter.

The deposition rate and film thickness were determined by ellipsometry.
The coating density was deduced from the layer thickness, wafer size and

SiOx film weight.

3.4.5 Mechanical properties

Young's modulus and hardness

Two different methods to determine the Young's modulus were applied,

namely tensile tests and nano-indentation.

Tensile test

In a tensile test a sample with length l0 is elongated to a length / with

a certain elongation rate. The force F that is needed to elongate the

sample is recorded as a function of the elongation e

e = f (3.5)

Most tests were performed with a Zwick Z050 tensile tester (Zwick
GmbH, Ulm, Germany) at an elongation rate of 0.0042 s"1. The sam¬

ples were cut to 10 x 80 mm2. The Young's modulus is determined from

the elastic range of the slope of the force-elongation-curve, here 0 - 2 %

elongation. If composites are elongated the measured Young's modulus
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corresponds to the modulus Etot of the composite. The Young's modulus

of the film Ef can be derived from the following correlation [86]

Etot =
ds-Es + df.E,

ds + df

where Es is the Young'a modulus of the substrate, ds the substrate

thickness, and df the film thickness.

Nano-indentation

To perform nano-indentation tests, a diamond transceiver is pressed into

a sample and afterwards unloaded. The applied force and the indentation

depth are measured during the experiment and displayed as indentation

characteristic. The Young's modulus is determined from the slope of the

indentation characteristic during unloading of the transceiver.

During the indentation of the sample the surface is deformed (elastic
and plastic). After unloading the plastic deformation is preserved as a

recess. The hardness H is defined as:

H = ~ (3-7)

where A is the contact area between the transceiver and the film and

F the maximum force applied onto the film. The contact area for a

Berkovich transceiver can be determined from A — 24.5 • hp, with the

indenter height hp. The recess depth is deduced from hp = hmax —

he, where hmax is the total displacement and he the intercept of the

unloading curve characteristic at maximum load [93].

For the analysis a Hysitron Triboindenter (Hysitron Inc, Minneapolis,

MN, USA) equipped with a Berkovich diamond (three sided pyramid
with an angle of 65.27 °) was used. The maximum indentation depth
was set to 40 nm. All analysis were done on Si-wafers due to the softness

of the PET film. It is assumed that the Young's modulus and hard¬

ness are independent of the substrate. This assumption only holds if the

indentation depth is less then 10 % of the film thickness.



3.4 Film analysis 65

Internal stresses

As described in section 2.4.1, internal stresses are determined by means

of the Stoney equation. To determine the radius of curvature R the

sample was set on top of two vertical aluminum plates separated by the

distance L. R is calculated from the maximum deflection d between the

highest (or lowest) point and the horizontal level of the aluminum plates

R=Td

To eliminate the influence of gravity the maximum deflection d is evalu¬

ated once with the coating upside and once underneath. The two values

are averaged [87].

The measurements were conducted with coated PET films. The sample
size was 10 x 5 mm2, the aluminum plates in a distance of 5 mm. To

determine d a Camera (Olympus SZ-STU2, Olympus, Tokyo, Japan) was

used. Due to handling problems the accuracy is estimated to be about

±20-30 %.

Adhesion and cohesion

The adhesion and cohesion can be determined by fragmentation tests. In

fragmentation tests the development of the crack pattern is a function

of the elongation and can be divided into three main stages:

1st stage: Random cracking with negligible crack interaction. The rate

of crack generation only depends on the coating strength and the

crack location is determined by the defect distribution.

2nd stage: Mid-point cracking. The crack spacing becomes twice the

critical length lc. The maximum stress within a fragment and there¬

fore the fragmentation rate is reduced. Transverse buckling failure

of film fragments due to lateral contraction of the substrate is often

observed.
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3rd stage: Delamination of the coating. The fragmentation rate virtu¬

ally stops.

Uniaxial tensile tests were performed in a minimat tensile tester. The

sample was clamped into the test set-up and the crack pattern analyzed

with a camera incorporated into a optical microscope (Olympus BHS2,

Olympus, Tokyo, Japan) with a maximum magnification of 50. The elon¬

gated area is 10 x 40 mm2. The sample is incrementally elongated. At

each elongation step the number of cracks is counted. To gain knowledge
about the true elongation e the distance between two dots is determined

and the elongation calculated with eq. 3.5.

The crack density CD is defined as follows [82]

^_

number of cracks in a micrograph _ , .„ „,

CD = - -—-— -

5_JL.
(1 + 6 3.9

length of the micrograph

The factor 1 + e is necessary to account for the opening of the cracks.

The result of a tensile test is plotted as crack density versus elongation.
The saturation crack density CDsat is determined in the 3rd stage of the

fragmentation test.

The elongation at which the first crack in the film appears is the crack

on-set strain. Thus the crack on-set strain is determined applying a linear

regression to the crack on-set region (up to CD = 0.1 CDsai), where

the crack density linearly increases.

The fragment length is the inverse of the crack density:

7=è <3-10)

3.5 Plasma and gas phase analysis

3.5.1 Langmuir probe measurements

Plasma parameters like the floating potential V), plasma potential Vp,
electron temperature Te, electron density ne, ion density n$, are derived
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from the current-voltage or I-V characteristic which is evaluated in Lang-
muir probe measurements by varying the voltage across the probe and

measuring the current. A typical I-V characteristic is shown in Fig. 3.10.

The characteristic can be divided into three main regions:
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Figure 3.10: Typical Langmuir probe current-voltage or I-V char¬

acteristic.

A Ion saturation region: For an increasing negative potential with

respect to the plasma potential Vp (eq. 3.11) a point is reached

where no electrons reach the probe tip and only positive ions are

collected. This region yields the ion number density in the plasma.

B Electron retardation region: When the probe is negatively bi¬

ased compared to the plasma potential the probe attracts electrons

which are energetic enough to overcome the potential barrier. If

the electron distribution is in a thermal equilibrium, the electron

current is exponential with respect to the applied voltage and the

slope of the exponential region yields the electron temperature (eq.

3.12).

C Electron saturation region: In the electron saturation region the

probe is positively biased with respect to Vp (eq. 3.11). Negative
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ions and electrons are attracted by the probe and an electron sat¬

uration results.

The potential which develops on a floating probe is the floating potential

Vf. At this voltage the net current I = 0 A (ion and electron flux are

equal).

At the plasma potential Vp there is no potential difference between the

probe and the plasma and the measured current is due to the thermal

movement of electrons and ions in the plasma. At the plasma potential
the I-V curve goes through an inflection point, thus the second derivative

is equal to zero [94]

m,r
The electron temperature kTe is derived from the current measured at

the plasma potential I{Vp) divided by the integral of the I-V curve from

Vf to Vp [94]

vi{y±. =
± (3.12)

/;; I(V)dv kTc

The electron number density ne is calculated as follows [94]

Ap is the probe area, me the electron mass, e the elementary charge, and

kTe the electron temperature in eV.

The ion number density n,; is calculated from an algorithm based on

the Laframboisc Theory [95, 96] considering the sheath which develops
around the probe tip when the tip is inserted into the plasma and its
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expansion when a voltage is applied. The thermal ion current U is mea¬

sured at a voltage of -50 V so that only a few electrons are collected (the
electron current can obscure the ion current).

The electron energy distribution function EEDF (e(E)) reveals the num¬

ber density of electrons as a function of electron energy. It is calculated

from the Dryvesteyn equation [97]

n(e) = ne e(E) - -j- • ( —J (3-15)

where the energy E = V — Vp is the voltage applied to the probe, Ie

the electron current, and I'J the second derivative of the electron current

with respect to the electron energy E.

Langmuir probe measurements were performed with a SmartProbe from

Scientific Systems (Dublin, Ireland) equipped with the software Smart-

Soft for the data acquisition and analysis. The acquisition electronic is

comprised of a probe voltage unit and a probe measurement unit. The

probe voltage unit allows to program the probe voltage within the range

of - 95 V to + 95 V. The maximum current rating is 250 mA.

To perform the analysis a tungsten tip of 10 mm length and 0.19 mm

radius is inserted into the bulk plasma. The probe tip is connected to the

acquisition unit via a coaxial cable that is shielded from the plasma by
a ceramic shaft. To attach the Langmuir probe to the reactor a confiât

CF70 (DN 40-CF) flange is used. To avoid overheating of the inductors

an air cooling is built into the probe shaft.

The conducting tungsten wire is DC biased to draw current from the

plasma. By varying the voltage across the probe tip and measuring the

current drawn from the plasma yields the I-V characteristic. In high fre¬

quency RF plasmas the driving voltage causes a time dependent variation

of the plasma potential. To compensate for the variation a compensation
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electrode and an inductor set is built in. Thus the probe to ground im¬

pedance with respect to the plasma to probe sheath impedance has to be

increased to ensure that the majority of the RF voltage appears across

the probe to ground impedance. The probe impedance is increased by

introducing a pair of inductors near the probe tip. The compensation
electrode is capacitively coupled to the probe tip and in contact with

the plasma. The large capacitance and low impedance of this electrode

reduces the probe to plasma sheath impedance.

A second probe, called reference probe is introduced into the plasma
and floats at the plasma potential Vp. The reference probe detects and

compensates any low frequency DC shift in the plasma resulting from

the probe tip biasing.

To generate a data point 50 measurements were acquired at a particu¬
lar probe bias. To obtain a Langmuir probe characteristic 5 scans were

averaged. The major drawback of the system is the perturbation of the

discharge during the measurements and the contamination of the probe

tip. Additionally the analysis are complicated due to RF interferences

and negative ions (0~).

3.5.2 Optical emission spectroscopy

Optical emission spectroscopy (OES) is a non-invasive plasma diagnostic
method. In a plasma excited state species are formed as described in

section 2.1.2. Excited state species that fall back to lower energy levels

release the energy as a photon of the energy Eexcited - Ere\axeà and

therefore of the characteristic wavelength A

A =
-p ^ (3.16)
^excited ^relaxed

The emitted light was analyzed with an optical emission spectrometer

(Triax 320, Horiba Jobin Yvon Inc, Edison, NJ, USA) equipped with

an UV-coated 1024 x 128 CCD and an exit slit with photomultiplier

(R928, Hamamatsu, Hamamatsu City, Japan) as presented in Fig. 3.11.

The monochromator contains a 1800 mm"1, 1200 mm"1, and 300 mm"1



3.5 Plasma and gas phase analysis 71

holographic grating. The imaging entrance is made of a slit of variable

width and a fibre-optic cable. The spectral resolution is 0.1 nm with the

1800 mm"1 grating, 0.3 nm with the 1200 mm"1 grating, and 0.6 nm with

the 300 mm"1 grating.

Mobile
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V ^ i \
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Figure 3.11: Schematic of the monochromator.

The plasma emission was analyzed through a quartz window situated

5 cm above the substrate holder. The quartz window is transparent for

wavelengths of 200 - 1100 nm. The measurements were conducted with

the 1800 mm"1 grating for wavelengths of 200 - 350 nm and with the

1200 mm"1 grating for 350 - 1000 nm. For each spectrum 5 scans were

accumulated with an integration time of 1 s. An OES spectrum is shown

in Fig. 3.12.

Only a small fraction of the gas phase is excited and the emission inten¬

sities can change even though the concentration of the emitting species
does not change (change of electron excitation rate). To compare differ¬

ent plasmas actinometry is often used. Actinometry uses the emission

of a non-reactive trace gas B to monitor the concentration of a target

species A taking the electron excitation rate variation into account. The
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Figure 3.12: Characteristic OES spectrum.

emission signal Ia of a species A is supposed to be proportional to the

concentration of molecules [A7"} excited by electron impact excitation

IA oc [A*] (3.17)

and

oo

L4*]oc j aA{E)-e{E)-dE*[A]

*>°A

(3.18)

where <ja{E) is the energy-dependent electron impact excitation cross

section, e{E) the electron energy distribution function, and E° the exci¬

tation threshold energy. Similar correlations are found for the actinom¬

etry trace gas B where [B] is known and constant

Ib ce [B*] (3.19)
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and

oo

[B*](x f aB(E)-e(E)-dE*[B] (3.20)

E%

The excitation rates for the species A and the actinometry gas B are

proportional if they have similar electron impact cross sections, thus

IA [A] nB
— oc -—- •

Iß [B] Utotal

Due to the fact that trace amounts of argon do not or hardly influence

the discharge and do not participate in the chemical reactions, argon

was used as actinometry gas. Thus for all spectroscopic measurements

10 seem argon was added to the process gas. The emission lines were

normalized to the intensity of the 750 nm Ar* line (4s'[l/2]° - 4p'[l/2]).

(3.21)
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Chapter 4

Results and Discussion

A better understanding of the influences of the film properties and the

gas phase processes on the water vapor barrier performance of the de¬

posited silicon oxide thin films should be gained. Therefore mainly the

impact of the process parameters oxygen-to-monomer flow rate ratio

and power input was analyzed by means of a water vapor permeation

tester, FTIR spectroscopy, ellipsometry, Langmuir probe measurements,

and optical emission spectroscopy. Additionally mechanical properties
like cohesion, adhesion, crack on-set strain, and internal stresses were

investigated.

4.1 Gas permeation

Preliminary experiments with films deposited from the MW plasma led

to an improvement of the oxygen barrier (factor 20) but not to an ef¬

fective barrier against water vapor despite the low organic content in

the films. This is due to the missing substrate self-bias, hence the lack

of ion bombardment onto the substrate. Similar results were found by
Sobrinho et al. [68]. Consequently the experiments described here were

conducted with RF and dual mode. Various process parameters were
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studied. In the following sections the influence of the RF power, MW

power, oxygen-to-HMDSO flow rate ratio, SiOx film thickness, substrate

holder temperature, reactor wall temperature, and reactor pressure on

the WVTR is investigated. The power input and the oxygen-to-HMDSO
flow rate ratio were determined to be the crucial parameters. A link be¬

tween the barrier performance and the film structure and composition

is made. Apart from a few measurements the oxygen and water vapor

permeation showed similar behavior but a difference of the transmission

rates of 4 - 5 orders of magnitude. Therefore only few OTR data arc

shown here. Similar tendencies for WVTR and OTR were also found by

Erlat et al. [73].

The deposition rates shown in this chapter were determined by X-ray

fluorescence. By this method it was possible to measure the film thickness

on PET substrates. The results obtained by X-ray fluorescence deviate

from the results measured by ellipsometry.

The variance of the measurements is shown for the default parameter

setting as for this process condition a statistical representative number

of measurements were conducted. These investigations were conducted

parallel to the work of Gruniger [4]. Therefore the XPS and AFM mea¬

surements are already published in detail elsewhere [4, 27].

4.1.1 Power input

Fig. 4.1 shows the influence of the RF power input on the WVTR of

films deposited from RF and dual mode. With increasing RF power the

WVTR was reduced by more than a factor of 150. Generally the water

vapor barrier performance is enhanced for deposits from dual mode than

from RF mode. The difference is more pronounced at lower RF power

input. The improvement of the barrier properties of the SiOx films is

mainly a result of an increased film density (Fig. 4.2). An increase of the

power input leads to a raised substrate self-bias as demonstrated in Fig.
3.5 (see section 3.1.2) and influences the gas phase (discussed in section

4.2). As a result of the increased substrate self-bias, the ion bombardment

onto the substrate is intensified and the surface diffusion enhanced [41],
Therefore a high substrate self-bias leads to a network densification and
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Figure 4.1: Influence of the RF power input on the WVTR.

void diminution, thus results in lower permeation rates [11]. As shown

in Fig. 4.2 for films deposited from RF plasma the density is increased

from 1.5 g/cm3 to 2.1 g/cm3, for dual mode from 1.85 g/cm3 to 2.05

g/cm3 with an increasing RF power input. Films deposited from dual

mode are denser than from the RF mode. The higher density is due to a

reduced carbon content in film (at 50 W RF power: 1.7 % C dual mode,
8.9 % C RF mode; at 200 W RF power: 1.1 % C dual mode, 1.4 % C RF

mode). As the RF power is increased to 300 W the density of the dual

mode deposited films decreases again. Other authors reported a reduced

density at high power levels due to an incorporation of atomic hydrogen
ions which saturate the dangling bonds [98]. At high power levels the

incorporation of impurities is minimized due to the enhanced fragmen¬
tation of the precursor and the formation of low molecular byproduct

gases that are vented out of the plasma chamber [73].

In Fig. 4.3 the deposition rate is illustrated. Generally the deposition
rate from RF plasma is higher than from dual mode. This is a result of

the higher film density, more inorganic character of the film, and higher
loss rates of the precursor to the reactor wall. The loss rate is increased

due to the MW plasma source and therefore additional activation of the

process gas and the precursor above the deposition zone.

In contrast, a variation of the MW power (dual mode) did not show a

significant influence on the barrier performance. This shows the dom-

*- RF mode

A- dual mode

x uncoated PET

(reference value)
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inance of the substrate self-bias for the deposition of an effective gas

barrier, hence the network dcnsification as a result of the additional en¬

ergy input due to ions impinging onto the substrate. The necessity of

the substrate self-bias was also deduced from preliminary experiments

with remote MW plasmas.
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4.1.2 Oxygen-to-HMDSO flow rate ratio

Another important process parameter is the oxygen-to-HMDSO flow rate

ratio (Fig. 4.4). The HMDSO flow rate was kept at 10 seem for all

experiments and the oxygen flow rate was varied. For films deposited
from the RF plasma an increase of the oxygen-to-HMDSO flow rate

ratio results in a reduced WVTR. Dual mode shows enhanced barrier

properties with a rising oxygen flow rate up to 200 seem. A further

increase leads to a reduced barrier quality.
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Figure 4.4: Influence of the oxygen-to-HMDSO flow rate ratio on

the WVTR.

As can be seen in Tab 4.1, AFM micrographs have revealed that films

deposited from the dual mode at high oxygen-to-HMDSO flow rate ratios

showed an increased surface roughness, whereas films deposited from the

RF plasma are smooth [4]. A relation between the surface roughness and

the barrier performance was also shown by other authors [73]. Rough film

structures indicate that the film growth is dominated by a reduced sur¬

face diffusion of the adsorbed species, according to the revised structure

zone model by Messier et al. [42], Coating surface roughness can result

from preferential nucleation at substrate and layer inhomogeneities and

is enhanced as the roughness is propagating with the film thickness [99].
An intense substrate ion bombardment suppresses the development of

rough structures, by creating nucleation sites for arriving coating frag¬

ments, eroding surface roughness peaks, and overcome shadowing effect
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by migration [41]. With an increasing oxygen-to-HMDSO flow rate ratio

a slight decrease of the substrate self-bias was detected (for dual mode

more pronounced than for RF plasma). This leads to a decreased sub¬

strate ion bombardment and surface diffusion, thus shadowing effects are

enhanced and therefore rougher structures result.

Table 4.1: Root-mean-square roughness (RMS) deduced from

AFM measurements. All values in [nm].
O2/HMDSO flow rate ratio RF mode dual mode

1

2

5

15

30

0.50 0.51

0.41 0.62

0.64 8.94

0.64 6.89

0.80 10.13

400

150

-1—1—1—1—1—1—1—1—1—|-

RF mode

dual mode

10 20 30 40

Oxygen-to-HMDSO flow rate ratio [-]

Figure 4.5: Dependence of the deposition rates on the oxygen-to-
HMDSO flow rate ratio.

The deposition rate was found to be increased with an increasing oxygen

content in the process gas as can be seen in Fig. 4.5. With an increas¬

ing oxygen flow rate an increase of the film density (Fig. 4.6) and a

more inorganic character of the films (Fig. 4.7) have been found. As

shown in Fig. 4.6, for the RF plasmas denser films were found at higher
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oxygen-to-HMDSO flow rates, whereas for dual mode first an increase

and above 150 seem O2 flow a decrease of the film density was witnessed.

The film density at flow rate ratios below 5 could not be determined as

ellipsometry measurements were only possible for Si02-like coatings. In

Fig. 4.7 the film composition is shown. At higher dilutions a decrease

of the carbon content, thus a more inorganic character of the film was

found. Similar tendencies were found by Creatore et al. [15]. Therefore

an increase of the film density for RF mode and up to an oxygen-to-

HMDSO flow rate ratio of 15 for dual mode is the result of a reduced

organic content in the film. The drop of the film density for dual mode

can be attributed to the increased roughness of the film, as discussed

above. Other authors found similar tendencies [100, 101]. Low O2 flow

rates (10 %) produce porous SiOx coatings with a high carbon content

because byproduct gases form not completely and do not vent during
the deposition process [100]. Erlat et al. mentioned that a high oxygen

flow rate results in brittle and inorganic layers [73].

From these results the differences of the RF and dual mode are not

yet explained. However the gas permeation can be correlated to the

film composition and the morphology. The influence of the oxygen-to-

HMDSO flow rate ratio on the gas phase is discussed in section 4.2.

-•- RF mode

-àr- dual mode
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Figure 4.7: Dependence of the film composition on the oxygen-to-

HMDSO flow rate ratio: a) RF mode, b) dual mode.

4.1.3 Film thickness, pressure, and temperatures

To investigate the influence of the film thickness all samples were de¬

posited at the default conditions shown in section 3.3, with varying ex¬

posure time to the oxygen/HMDSO plasma discharge. Due to deposition

rates of 300 nm/min at standard conditions, the thinnest analyzed films

were 75 nm, what corresponds to a deposition time of 15 s. Thinner films

were not investigated due to a poor reproducibility for deposition times

shorter than 15 s.

Fig. 4.8 shows that with an increasing SiOx film thickness the coating

quality is enhanced because an increased number of pinhole like defects,

micro pores, and defects in the film are scaled. Thus with increasing oxide

thickness the density of macro-defects penetrating the whole thickness

of the barrier layer is reduced [67]. When the film exceeds a certain

thickness the coating becomes stressed and brittle [102]. For films de¬

posited from RF mode the maximum barrier quality was achieved at

approximately 400 nm (Fig. 4.8). For dual mode and oxygen barriers

no optimum film thickness seems to exist (experiments up to 1200 nm).
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For the reason of comparability in Fig. 4.8 the WVTR and the OTR

values arc given in mol/m2/s/bar. A value of 5.4 • 10"4 mol/m2/s/bar
corresponds to 20 g/m2/d, the WVTR reference value of uncoatcd PET

(indicated by an open triangle in the right hand corner in Fig. 4.8), for

the OTR the reference value is 5.2 10~8 mol/m2/s/bar and corresponds

to 100 sccm/m2/d (indicated by an open circle in the left hand corner

in Fig. 4.8).

c 2

510
w

o

E

H
O

10"

10
10

p— "S

-2

fe-10
6

4

-10'

7D

3"
o

CT
0)

400 800 1200

SiOx-film thickness [nm]

Figure 4.8: Influence of the film thickness on the OTR (circles)
and WVTR (triangles) for the RF mode. The reference value for

the OTR is indicated by an open circle, for the WVTR by an open

triangle.

Other process parameters like reactor pressure, substrate temperature,

and reactor wall temperature were investigated. These parameters were

found to influence the barrier properties to a minor extent. The reactor

pressure was varied between 0.13 mbar and 0.8 mbar. For RF mode with

a decreasing pressure an enhancement of the barrier performance of a

factor of 10, for dual mode of a factor of 3 was achieved. A high reactor

pressure favors the formation of powder in the gas phase. By varying
the substrate temperature between 10 °C and 50 °C an improvement
of the water vapor barrier of a factor of 10 for RF and of a factor of

3 for dual mode was found. The maximum substrate temperature is

50 °C (thermostat) due to the coupling with the cooling system of the

matching network. A variation of the reactor wall temperature (20 °C
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- 80 °C) did not influence the deposited films. Also the OTR was only

slightly influenced by the substrate temperature and the reactor pressure

(factor 2-4), but not by the reactor wall temperature.

4.2 Gas phase analysis

To gain a better understanding of the processes occurring in the plasma
and the influence of the gas phase on the water vapor barrier perfor¬

mance of the deposited silicon oxide films, investigations with optical
emission spectroscopy of the oxygen/HMDSO deposition gas mixtures

were conducted. In addition, Langmuir probe measurements in pure oxy¬

gen plasmas at comparable experimental conditions were performed.

As already discussed in section 4.1, discharge parameters like oxygen-

to-HMDSO flow rate ratio and the power input strongly influence the

morphology and the composition, thus the barrier performance of thin

SiOx films. In the following two subsections the influence of the gas phase

on the barrier performance is investigated.

4.2.1 Power input

As illustrated in Fig. 4.9, the 750 nm Ar* emission intensity was increased

with an increasing RF power input. Similar tendencies were found for

the dual mode at a constant RF power (200 W) and varying MW power

input (600 - 3000 W).

Like the Ar* intensity, the positive ion density measured by Langmuir

probing was found to be increased with an increasing power input as

can be seen in Fig. 4.10. Due to an increase of the energy fed into the

system an enhanced excitation of the gas phase and a higher ion density

result. Similar tendencies for the behavior of the Ar* line intensity and

the ion density were also found by Seo et al. [103]. At lower powers (up to

200 W) the ionization is only slightly higher in the dual than in the RF

mode. At a higher RF power level for dual mode a pronounced increase

of the ion density was detected (Fig. 4.10). Measurements at constant
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RF power (200 W) and varying MW power (600 - 3000 W) showed a

steep increase of the ionization with increasing MW power (ion density:

4.6 109 - 1.7 • 1010 cm"3).
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Figure 4.10: Dependence of the positive ion density on the power

variation.

The plasma potential decreases with an increase of the ion density. This

was also observed by other authors [104, 105]. Granier et al. showed that

by adding TEOS to the process gas the ion density and the electron

temperature are reduced, which is expected to lower the dissociation
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degree of TEOS by electron impact [106]. Thus the ion densities shown

here are assumed to be higher than the densities in oxygen/HMDSO
plasmas as the Langmuir probe measurements were conducted in pure

oxygen plasmas. However, the overall tendencies of the ion density are

assumed to be similar.

In capacitively coupled RF discharges two distinct regimes exist, named

after the Townsend's ionization coefficients a and 7. With an increasing
RF bias voltage (RF power input) the theory predicts a transition within

the a regime that is accompanied by a sharp increase in the plasma den¬

sity and a decrease in the mean electron energy. In the 7 regime of the

discharge the electron density further increases, then above a critical bias

voltage the electron temperature rises again. This critical bias voltage

depends on the gas phase composition and increases with the concentra¬

tion of oxygen in the discharge [18]. For a RF plasma in the a regime a

mean electron temperature of a few eV (3-4 eV) and an electron density
in the order of 0.8 • 109 cm"3 was measured. With increasing RF power

input the electron temperature drops to about 1.2 eV, while the electron

density is increased to 3 • 109 cm"3. In the 7 regime the electron density

increases up to 7 • 109 cm"3 with an electron temperature close to 1.1 eV.

The effect of the argon/oxygen composition on the critical bias voltage

was studied by Pulpytel et al. For pure oxygen the transition between

the two regimes was found to be around 600 V RF bias voltage [104].
Therefore no increase of the electron temperature was witnessed. For

dual mode similar tendencies were observed but not as pronounced as in

RF plasma.

The relative emission intensity (-p- oc B^-nnB ) of different groups found

in the gas phase are illustrated in Fig. 4.11 - 4.13. OES measurements

revealed that in a RF plasma an increase of the RF power (i.e. bias volt¬

age, see Fig. 3.5) leads to a decrease of the 02+ and SiO intensities and

to an increase of the O and Ha emission intensities as demonstrated in

Fig. 4.11. Generally it was shown that an increase of power leads to an

increased mean electron energy and/or density which yields a higher de¬

gree of fragmentation of the monomer in the gas phase [64]. This increase

is also witnessed by the increase of the Ar* intensity and the ion density
measurements. Thus the monomer fragmentation and the oxygen atom

production appear enhanced. This effect is mainly responsible for an en-
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Figure 4.11: Dependence of the relative emission intensities in a

RF discharge on the RF power input.

hanccd oxidation. In an oxygen plasma, oxygen atoms arc created by
electron impact dissociation, dissociative attachment, direct excitation,
and dissociative excitation [107, 108]. Thus, the increase in the electron

density due to the higher power input induces an increase of the oxygen

atom density in the plasma. The O intensity is increased up to 200 W

and then reaches a plateau (Fig. 4.11) as was also found by Creatore

et al. [15]. The oxidation process reaches the maximum efficiency in this

power range. According to Granier et al., the later constant or decreasing
level of O is due to an increased consumption by oxidative reactions at

the surface [106]. Aumaille et al. showed by mass spectroscopic analysis
of oxygen/TEOS plasmas that with an increasing power the 02+ con¬

centration decreases, the O2 dissociation degree is enhanced, and the

amount of heavy ions originating from the organosilicon monomer is re¬

duced [109]. Resembling tendencies are expected from oxygen/HMDSO
plasmas as both TEOS and HMDSO are organosilicon monomers with

similar bonding structures. Therefore the emission of SiO is decreased

as a result of the enhanced consumption of complex radicals such as

SixOyCzHt mainly due to their diffusion to the surface and their contri¬

bution to the growing layer [30]. Hence, simultaneously the deposition
rate rises as found in our process.

For the dual mode the influence of the RF power variation on the gas

> 1 ' 1
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Figure 4.12: Dependence of the relative emission intensities in

a dual mode plasma on the RF power input. For the dual mode,

intensities at 200 W of RF power correspond to 1500 W of MW

power.

phase emission is minor since all investigated emission line intensities

varied only slightly (Fig. 4.12). At a constant RF power (200 W) and

varying MW power input (600 - 3000 W) a different result was found.

As shown in Fig. 4.13, a strong increase was detected for the O and

Ha line intensities. This is the result of the intense gas phase excitation

by the MW source before the gas enters the RF bias voltage controlled

deposition zone. Compared to the RF plasma excitation an enhanced

O and Ha line intensity was found but the decrease of SiO and 02+
concentration was less pronounced with increasing RF power (see Fig.

4.12).

The results of the gas phase analysis and the WVTR measurements bear

only small analogies. Films deposited from RF or dual mode (1500 W
MW power, varying RF power) plasmas exhibit similar tendencies for

WVTR as can be seen in Fig. 4.1 (WVTR: factor 150 improvement).
By varying the MW input power at a constant RF power level, it was

shown that the deposition is dominated by the substrate self-bias since no

influence on the barrier performance was detected. Despite the stronger

influence of the MW than the RF power on the gas phase composition
is the substrate self-bias essential for the deposition of an effective gas
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barrier. This is due to a network densification and a heterogeneous or

anisotropic energy input due to the ions impinging onto the substrate,

while gas phase diagnostics like OES and Langmuir probing arc based on

the assumption of a quasi-isotropy of the entire volume. The necessity
of the substrate self-bias was also shown from preliminary experiments
with remote MW plasmas. Despite the low organic content in the film,

coatings deposited from MW plasma led only to little improvement of the

oxygen barrier (factor 20) but not at all to an effective barrier against

water vapor [27]. Thus homogeneous reactions are dominant over the

heterogeneous reactions in MW operation mode.

4.2.2 Oxygen-to-HMDSO now rate ratio

The monomer fragmentation pathways are modified by increasing the

amount of O2 in the process gas, due to homogeneous reactions of oxygen

atoms and molecules with the monomer and its fragments [14]. As a con¬

sequence, the electron density, energy distribution of electrons, and film

precursor density in the plasma are affected. Increasing the oxygen-to-

HMDSO flow rate ratio leads to an enhanced oxidation of the organosil-
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icon monomer and its fragments in the plasma. Favia et al. found that

monomers are more easily fragmented in 02-containing glows what is

attributed to oxygen-monomer and oxygen-fragment bimolecular reac¬

tions rather than to an increased electron impact fragmentation of the

monomer [14].

In this study OES analysis revealed that no significant influence on the

Ar* line intensity could be detected for RF plasmas (Fig. 4.14). An

increase of the oxygen content in the process gas leads to a decrease of the

argon emission intensity for dual mode. This is due to a higher gas flux,
thus a reduced exposure time in the MW plasma source. The pressure

was kept constant therefore no loss due to an enhanced recombination

occurred.
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Figure 4.14: Dependence of the 750 nm Ar* argon line intensity

on the oxygen flow rate.

The dependence of the positive ion density on the oxygen flow rate is

shown in Fig. 4.15. From ion density measurements it was observed that

for RF plasmas the ionization is reduced with an increasing amount of

oxygen in the process gas. This leads to the assumption that also for

RF mode an increased velocity and thus shortened exposure time in the

plasma zone results in a reduced generation of positive ions. Generally in

dual mode plasmas a higher degree of ionization was found compared to

RF plasmas. Unlike RF plasmas, the ion density in dual mode plasmas
first increases up to oxygen flow rates of 50 - 100 seem and then drops

i i i i I I I I I I I I I I | I I I I I I I I I | I I I I I I I I I | I I l l I
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with the same slope as in the RF plasma. Thus a constant amount of ions

is generated in the MW plasma regardless of the oxygen flow rate. The

reduced ion density at very low oxygen flow rates is probably the result

of the very low concentration of oxygen atoms in the process gas and of

recombination reactions due to the pre-excitement of the gas phase in

the MW plasma source. Due to the fact that the MW plasma source is

mounted on top of the deposition chamber, the MW plasma is a remote

process; hence the plasma zone is separated from the deposition zone.

Therefore the energy transfer is provided by activated species from the

oxygen gas and depends on the mean free path and the lifetime of the

species [110].
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Figure 4.15: Dependence of the positive ion density on the oxygen

flow rate.

With an increasing oxygen flow rate for RF plasmas an increase of the O

and a decrease of the SiO, 02+, and Ha emission intensities was found

as can be seen in Fig. 4.16. Above 150 seem oxygen in the process gas

the intensities reach a constant level. Similar tendencies were found for

the dual mode as illustrated in Fig. 4.17. For RF and dual mode plas¬
mas the increase of the 777 nm oxygen line intensities can be explained

by the surplus of oxygen in the process gas. After Vallée et al., as the

organosilicon fraction in the process gas is increase, the O concentration

decreases. With regard to the film formation this means that the CH

bonds arc only partially transformed: CH groups are incorporated into

the film and the density of CxHy molecules in the plasma increases. In
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oxygen rich mixtures (> 80 %) the O atom concentration is high enough

to transform the hydrocarbon structures into CO, CO2, H2O, and hy¬

drogen by homogeneous and heterogeneous oxidation reactions [48]. The
reduced 02+ and Ha emission intensities and at higher oxygen flow rates

constant 02+ and Ha emission intensities can be compared to the con¬

stant or decreasing excitation of the process gas, respectively, already

illustrated by means of the Ar* line intensity and ion density. Therefore

the decreasing emission of hydrogen in the gas phase might also be the

result of a reduced fragmentation. Magni et al. found that the presence

of large amounts of molecular hydrogen can result from the fragmenta¬
tion of hydrogen containing structures of the HMDSO molecule by an

enhanced combustion and a reduced electron impact fragmentation in

oxygen enriched process gases [30]. At high dilution conditions the pres¬

ence of oxygenated species dominates, indicating that oxygen chemistry
is more efficient under these conditions than the hydrocarbon chemistry.
A constant amount of SiO at high dilutions was also found by Creatore

et al. [15].

0.511111111111111111111111111111111111111111

Figure 4.16: Oxygen flow rate vs. relative emission intensities for

RF mode plasmas.

An intense substrate ion bombardment suppresses the development of

rough structures by creating nucleation sites for arriving coating frag¬

ments, eroding surface roughness peaks, and overcoming shadowing ef¬

fects by migration [41]. A reduced ion density in the gas phase and a

slight decrease of the substrate self-bias (for the dual more pronounced
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than for RF plasma) with an increasing oxygen-to-HMDSO flow rate

ratio, lead to a reduced substrate ion bombardment and surface diffu¬

sion. Therefore shadowing effects are enhanced and rougher structures

result. Furthermore, OES analysis revealed that due to a reduced acti¬

vation of the process gas the fragmentation of the precursor is reduced.

For the dual mode it may result in gas phase polymerization due to a

pre-excitation of the oxygen in the MW plasma source and thus higher
molecular species arrive at the surface. The formation of higher molecular

species has to be further investigated. Additionally at higher dilutions a

more inorganic character of the species present in the plasma phase was

found [15]. A lower amount of carbon in the precursor fragments con¬

tributing to the film growth leads to a reduced surface diffusion of the

arriving species thus rougher structures (revised structure zone model by
Messier et al. [42]). Compared to the WVTR measurements it is evident

that an increase of the oxygen-to-HMDSO flow rate ratio leads to an en¬

hanced water vapor barrier performance and smooth surfaces for silicon

oxide films deposited from R,F plasma. Unlike for dual mode, an increase

of the oxygen flow rate above 200 seem results again in permeable films

as can be seen in Fig. 4.4 and a rough surface morphology.
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4.3 Mechanical properties

4.3.1 Young's modulus and hardness

Fragmentation tests and nano-indention measurements were conducted

to determine the Young's modulus and the hardness of the deposited
films. The results are given in Tab. 4.2. Generally an increased ion

bombardment (increased substrate self-bias) results in harder coatings

due to less carbon moieties and a higher degree of cross linking [14].
Also in this work it was found that with an increasing power input or

at higher monomer dilutions an increase of the Young's modulus and of

the hardness was found.

Fragmentation test

From fragmentation tests the values for the Young's modulus were cal¬

culated with Eq. 3.6. The value for uncoated PET films was measured to

be 7.1 GPa. The results for the SiOx coatings and the PET film differ to

a wide extent from the values found in literature. The expected Young's
modulus for the PET was 4.15 GPa [Specification, DuPont, Teijin Films]
and for Si02-like films 79.5 GPa [82]. The following effects influenced the

results and are responsible for the wide variation of the measurements:

Strain rate: The strain rate has to be very low as for the determination

of the Young's modulus only the on-set of the tensile test can be

used (no cracks in the film). For some samples the crack on-set

strain is below 1 % elongation. The lowest possible strain rate

with the used device was 0.0042 s"1. In the literature strain rates

of 0.00067 s"1 were applied [86].

Clamp mechanism: During the measurements some samples slipped
in the clamp mechanism (few /an). Without determining the true

strain it is not possible to evaluate the exact values of the modulus.

Additionally the samples arc very thin (12 ßia). This leads to a

very high flexibility of the composite during mounting into the test

device what results in slightly different examined sample lengths

and directions.



4.3 Mechanical properties 95

Table 4.2: Young's modulus and hardness determined by fragmen¬
tation tests and nano-indentation. All values in [GPa].
Sample Fragmentation test Nano-indentation Hardness

RF 50 W

RF 100 W

RF 200 W

RF 300 W

16.6 ± 15.2

75 ± 18.3

20.2 ± 1.7

16.2 ± 5.8

2.9 ± 0.1

12.4 ± 0.3

11.2 ± 0.7

62.9 ± 5.5

0.6 ± 0.03

1.6 ± 0.1

1.78 ± 0.15

4.4 ± 0.6

dual 50 W

dual 100 W

dual 200 W

dual 300 W

4.4 ± 1.5

40.3 ± 4.8

37.1 ± 4.8

47.4 ± 1.9

23.8 ± 4.8

27.0 ± 5.1

30.9 ± 4.3

2.3 ± 0.71

2.8 ± 0.66

3.3 ± 0.90

dual 600 W 31.4 ± 12.8 18.9 ± 1.7 2.5 ± 0.30

dual 1500 W 37.1 ± 4.8 27.0 ± 5.1 2.8 ± 0.66

dual 3000 W 56.2 ± 0.3 39.0 ± 1.3 4.0 ± 0.30

RFffl 15.4 ± 2.3 - -

RFff 5 46.7 ± 20.8 8.4 ± 0.2 1.5 ± 0.06

RFff 15 20.2 ± 1.7 11.2 ± 0.7 1.78 ± 0.15

RFff 40 34.4 ± 14.2 17.0 ± 0.6 2.3 ± 0.15

dual ff 1 39.4 ± 6.6 - -

dual ff 5 66.1 ± 13.7 28.8 db 0.6 3.7 ± 0.14

dual ff 15 37.1 ± 4.8 27.0 ± 5.1 2.8 ± 0.66

dual ff 40 38.6 ± 6.8 23.5 ± 4.2 1.7 ± 0.52

Sample geometry: The values given in Tab. 4.2 result from rectangu¬

lar samples. Due to the Poisson effect of the PET film this leads to

a suboptimal stress distribution. Sample with an I-geometry were

found to have a much smaller Young's modulus (PET: ~ 3 GPa).
Due to edge influences this value underestimates the real modulus.

Nano-indentation

The values measured by nano-indentation were also smaller than ex¬

pected and differ from the values measured by the fragmentation test

and the ones found in literature. Possible reasons are
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Delamination: Due to delamination effects the resistance of the film is

lower, thus the films appear to be more elastic. Because of a very

low variation of the results delamination is rather unrealistic.

Surface roughness: Large surface roughness can falsify the results de¬

pending on the indentation site. The analyzed samples showed high
surface roughnesses, but no variation of the measured results.

Substrate influence: If the indentation depth is more than 10 % of

the film thickness, then the substrate influences the result.

The results for the hardness also arise from nano-indentation measure¬

ments. Due to the problems mentioned above it is assumed that these

values are not accurate. The hardness is supposed to be approximately
10 % of the Young's modulus. As a result of these problems and the dif¬

ferences in the results obtained with the applied methods the following

calculations are performed with the values found in literature.

4.3.2 Internal stresses

The internal stresses were calculated from the maximum deflection mea¬

surements. As a result of the unknown Young's modulus and the prob¬
lems described in section 4.3.1 the internal stresses were calculated with

Stoney's equation (eq. 2.22). Thus the calculated values are an approxi¬
mation.

In Fig. 4.18 the internal stresses are illustrated as a function of the RF

power input. No or only small tensile stresses were detected for the RF

mode up to 200 W. Whereas above 200 W with an increasing RF power

input compressive stresses were induced. Similar tendencies were found

for the dual mode. Up to 100 W no or negligible tensile stresses were

detected. Between 100 W and 200 W an increase up to 1.5 GPa was

observed. For a higher power input only a slight increase (0.1 GPa) was

found. This leads to the assumption that for the generation of internal

stresses a minimum of energy is required. For RF plasmas this minimal

energy is reached above 200 W. Due to the additional 1500 W induced

by the MW plasma source in dual mode a RF input power of more
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Figure 4.18: Dependence of the internal stresses on the RF power

input.

than 100 W meets the requirements of the minimum of energy to induce

internal stresses. Compared to the density measurements (Fig. 4.2) of

the deposited films it was found that for the RF mode up to 200 W

an increase of power leads to a pronounced increase of the film density
whereas for the dual mode the density increases up to 100 W. Hence no

internal stresses are induced as long as the increase of energy can be com¬

pensated by a densification of the network. Internal stresses generated

by dual mode are larger than the stresses induced by RF plasma.
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Figure 4.19: Dependence of the internal stresses on the oxygen-

to-HMDSO flow rate ratio.

As can be seen in Fig. 4.19, an increase of the oxygen content in the

process gas has no influence on the internal stresses built in films de-
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posited from the RF plasma. As found in Fig. 4.18 no stresses were

introduced at 200 W RF power, thus the minimum of energy required to

induce stresses is not influenced by the amount of oxygen in the process

gas.

A contrary behavior of coatings deposited from the dual mode was found.

With a decreasing oxygen flow rate the internal stresses are increased.

All samples were deposited from a 200 W RF power plasma (additionally
1500 W MW power for dual mode). In films deposited from dual mode

with a RF power input of 200 W internal stresses were detected (Fig.
4.18). At a constant MW power input the residence time of the process

gas in the plasma source is shortened with an increasing oxygen flow

rate, thus the activation of the gas phase is reduced as was discussed in

section 4.2.2. Therefore the energy input and the induced stresses are

lower at higher oxygen flow rates. For RF discharges no changes of the

activation of the process gas were detected.
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Figure 4.20: Dependence of the internal stresses on the MW power

input.

An increase of the MW power at a constant RF power (200 W) leads

to a slight decrease (0.16 GPa) of the internal stresses up to 1500 W as

illustrated in Fig. 4.20. This behavior is not fully understood and might
also be an effect of the uncertainty (± 20 - 30 %) of the used method

and the unknown Young's modulus (see section 4.3.1).

From these measurements it can be deduced that the energy transfer to

the substrate is the most important factor for the generation of internal

stresses. The energy input does not depend on the plasma source or the
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gas composition but on the total amount of energy introduced into the

system by the plasma sources.

4.3.3 Fragmentation tests

Raw data

The development of the crack pattern of a sample deposited from the

dual mode at 50 W RF power as a function of the elongation (in %)
is illustrated in Fig. 4.21. With an increasing elongation the number of

cracks is increased. At the beginning of a fragmentation test only a small

number of cracks can be observed (elongation 1.85 %). With increasing

elongation the crack density increases, as shown in the pictures of 2.15

% and 3.00 % strain. At low strains the number of cracks increases more

rapidly than at higher elongations (10 % and 15 %). At 15 % and 25 %

elongation, transverse buckling failure of the coating fragments due to

lateral contraction of the substrate can be observed. The saturation level

is reached at an elongation of about 25 %. No more cracks are formed at

higher elongations. Further elongation leads to the delamination of the

film. These tendencies can also be seen in Fig. 4.22 as evolution of the

crack density CD.

In Fig. 4.22 the crack density versus the elongation is shown of the RF

200 W sample. As outlined before the crack density increases up to the

saturation level (above 20 % elongation). The critical fragment length lc

can be determined from the saturation crack density. In the crack on-set

region (up to CD = 0.1 • CDsai) the crack density linearly increases.

Crack on-set strain

As demonstrated in Fig. 4.23, the crack on-set strain is reduced for films

deposited from a RF plasma with an increasing RF power input. This

is a result of the more inorganic character of the films at higher power

levels. The carbon content is reduced from 8.9 % C (50 W) to 1.4 % C

(200 W), thus results in brittle films.

Coatings deposited from a dual mode plasma show with an increasing
RF power input first an increase and later a decrease of the crack on-
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Figure 4.22: Dependence of the crack density CD on the elongation

(RF mode, 200 W).

set strain. With an increase of the RF power the substrate self-bias is

increased and thus the energy input due to the ion bombardment en¬

hanced. This leads to an enhanced network cross linking (higher density)
and therefore to an increased crack on-set strain (2 %). At a high power

input (carbon content < 1 %) the brittle character of the film dominates.
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Figure 4.23: Dependence of the crack on-set strain on the RF

power input.

The influence of the oxygen-to-monomer flow rate ratio on the crack

on-set strain is illustrated in Fig. 4.24. As in Fig. 4.23 the crack on-set

strain is generally reduced with a decreasing carbon content in the film,
thus increasing dilution of the process gas. Brittle coatings result [73].
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Figure 4.24: Dependence of the crack on-set strain on the oxygen-

to-HMDSO flow rate ratio.

Deposits from dual mode show a different behavior. First the on-set

strain decreases, then rises and finally the strain drops again. These

tendencies are similar to the surface roughness of the film (Tab. 4.1).
An increased surface roughness leads to defects and flaws (weak spots)
due to shadowing effects. For these films the surface roughness (film
morphology) dominates over the carbon content in the film. All deposits
from the RF mode are smooth thus the carbon content dominates over

the on-set strain.
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Figure 4.25: Dependence of the crack on-set strain on the MW

power input.

The tendencies found for a variation of the MW power are possibly to

be the result of an enhanced activation of the gas phase (Fig. 4.25).
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With an increasing gas phase activation of the precursor and the process

gas oxygen a better network between the arriving fragments (substrate

material) and the fragments in the film results. The decrease of the

on-set strain from 1500 W towards 3000 W is assumed to be due to an

enhanced gas phase polymerization or a higher degree of fragmentation.
Gas phase polymerization results in higher molecular species and thus

the energy input from the substrate self-bias is less per atom due to a

higher number of atoms in a cluster (acceleration onto the substrate re¬

duced). An enhanced fragmentation can also lead to inorganic fragments
with a high melting point (reduced networking and surface mobility).
Both effects cause a reduced bonding within the substrate material.

Adhesion and cohesion

To evaluate the adhesion r and cohesion amax(lc) of the films, the value

of the Young's modulus was assumed to be 79.5 GPa. This value was

taken from literature [86, 87]. For the adhesion and cohesion of a sample
similar tendencies were found as can be seen in Fig. 4.26 - 4.28. These

tendencies are also comparable to the findings for the on-set strain.
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Figure 4.26: Dependence of the a) adhesion and b) cohesion on

the RF power input.

For films deposited from the RF plasma the adhesion and cohesion are re¬

duced with an increasing power input (Fig. 4.26) and oxygen-to-HMDSO
flow rate ratio (Fig. 4.27). This is due to the decreasing organic content in

the film. With a reduced carbon content less covalent bonds are formed
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Figure 4.27: Dependence of the a) adhesion and b) cohesion on

the oxygen-to-HMDSO flow rate ratio.

between the coating and the PET substrate, thus the adhesion is re¬

duced. As mentioned in section 4.3.3 a reduced carbon content leads to

brittle coatings, hence a low cohesive strength of the film.

Coatings deposited from dual mode show an increase of the film adhesion

and cohesion followed by a decrease with increasing RF power input. As

shown in section 4.3.3 the carbon content is not significantly reduced

and the deposition is dominated by the substrate self-bias. This leads to

an enhanced network formation, thus increased adhesion and cohesion.

At high power input the brittle character of the film dominates.

With an increasing oxygen-to-HMDSO flow rate ratio the tendencies for

dual mode are similar to the surface roughness of the film (Tab. 4.1).
The surface roughness dominates over the carbon content in the film, as

an increased surface roughness leads to weak spots in the coating.

The increase of the adhesion/cohesion and later decrease with increasing

MW power input (see Fig. 4.28) is is assumed to be the result of the

gas phase activation. With an enhanced gas phase activation a denser

network in the film results. The decrease of the adhesion/cohesion from

1500 W towards 3000 W can be the result of an enhanced gas phase

polymerization or a high degree of fragmentation. Both effects lead to a

reduced bonding of the arriving fragments to the substrate material and

between the coating fragments.
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the MW power input.

4.4 FTIR measurements and ageing

Ageing experiments were performed by detecting the changes in the in¬

frared spectra acquired after defined periods of time. The films were

analyzed right after the deposition process and again after 30 min, 1 h,
2.5 h, 5 h, 27 h, 49 h, 340 h, 510 h, 720 h, and 1250 h storage time at

ambient conditions. The influence of the oxygen-to-HMDSO flow rate

ratio and the power input was investigated. The peaks listed in Tab. 4.3

are prominent structural features by those the chemical bonding and the

changes in the film could be characterized.

4.4.1 Chemical structure of the film after deposition

In Fig. 4.29 FTIR spectra of films deposited from RF plasmas are shown.

At high dilutions of the precursor ([02]/[HMDSO] > 30) only a weak

absorption of carbon containing groups at 2964, 2910, and 1264 cm"1 ap¬

pear. At lower oxygen flow rates (down to [O2]/ [HMDSO] = 1) the car¬

bon content in the film is increased, thus the CH bands are enhanced and

shifted towards higher wave numbers (2974 and 1277 cm"1). The peak

position is shifted since the neighboring atoms in the network change

[50]. Additionally the C-H rocking bands around 843 and 885 cm"1 are

more pronounced.
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Table 4.3: FTIR absorption bands representing structural features

of the deposited films.

Chemical bond Assignment Wave number [cm"1] Reference

Si-O-Si Si-O (stretching) 1010 - 1090 [111]

Si-O (bending) 800 [62]

Si-OH isolated OH (stretching) 3650 [38]

associated OH (stretching) 3400 [38]

associated OH (stretching) 930 [62]

Si-(CH3)X symmetric bending 1260 [62]

CHX (stretching) 2975 [62]

CH (rocking) 2905 [49]

CH (rocking) 840 [49]

CH (stretching) 880 [15]

HSi03 Si-II (stretching) 2260 [63]

For oxygen-to-HMDSO flow rate ratios higher than 15, simultaneously
to the decrease of the carbon content the SiOH vibrational mode appears

at 936 cm'1. A weak OH stretching band of associated SiOH groups was

found at 3430 cm"1 for [O2]/ [HMDSO] — 5 and is more pronounced at

higher dilutions. Additionally the amount of isolated SiOH groups (3630
cm"1) is enhanced as the dilution is increased.

The decrease of carbon related absorption bands is concurrent with an

increase of the intensity of Si-O-Si bands. With increasing oxygen content

in the process gas the Si-O-Si peak intensity is enhanced and the position
shifted towards higher wave numbers: 1034 —> 1044 and 801 —> 806 cm"1.

This is the result of higher oxidized silicon atoms in the network [51].

Similar tendencies were found for the dual mode. Generally the carbon

containing structures are reduced and the Si-O-Si peaks more intense for

deposits from the dual than from RF plasma. Especially at low oxygen

flow rates, the carbon containing bands are more intense for the RF

mode. This corresponds to the higher carbon content observed in XPS

measurements (section 4.1).



4.4 FTIR measurements and ageing 107

I T T"l | I n-T'T'l I I I I I T I 1 f I I IT] (TTT|Tt

02/HMDSO = 40 *
-

02/HMDSO= 15 » l\ '-

' I I ' I ' I I » I "

4000 3500 3000 2500 2000 1500 1000

Wavenumber[cm"1]

Figure 4.29: FTIR spectra of films deposited from RF plasmas
with varying oxygen-to-HMDSO flow rate ratios.

The tendencies observed for films deposited from RF plasmas with an

increasing RF power input do not vary to such an extent like the trends

found for the variation of the oxygen flow rate. The carbon containing

absorption bands arc decreased at 200 W and higher input powers. The

Si-O-Si peak position at 1040 cm"1 does not vary with changing RF power

but the band intensity is increased towards higher input power. With an

increasing power input an increase of the associated and isolated SiOH

group absorption was found.

Due to the low carbon content, all films deposited from the dual mode

with varying power input show only a very low peak intensity at 2977

cm"1 and at 1278 cm"1. For an increasing RF power the associated SiOH

band is enhanced and the position shifted towards higher wave numbers

(3370 —» 3460 cm"1). Additionally the adsorption band for the isolated

silanol groups is increased. For the Si-O-Si peaks no shift of the peak

position was observed with increasing power input.

By increasing the MW power at a constant RF power input, the as¬

sociated SiOH band around 3450 cm"1 is decreased and the amount of

isolated SiOH bonds at 3630 cm"1 enhanced. All the carbon containing
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groups are increased and the Si-O-Si absorption bands decreased as the

MW power is lowered.

A pronounced increase of the band around 2262 to 2270 cm"1 band,

respectively, with increasing RF and MW power input was found for the

RF and dual mode. This band can be attributed to the Si-H stretching
vibrations of the HS1O3 group [63]. This group is likely to be created

by the ion bombardment, as it is not present in the HMDSO backbone

or in deposits from the MW plasma. Similar findings were published by
Benissad et al. [64].
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Figure 4.30: FTIR, spectra of films deposited from RF, MW, and

dual mode plasma.

To evaluate the contribution of the MW and the RF plasma sources on

the deposited films, the three modes are compared at standard deposition
conditions.

The associated SiOH peak shows similar intensities for the MW and RF

mode, but different peak positions (MW: 3399 cm"1, RF: 3446 cm"1).
For the dual mode the peak maximum is lower and the position at 3424

cm"1, between the values found for the RF and MW plasma. Unlike,
for the isolated SiOH groups at 3628 cm"1, the dual mode shows a more
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intense absorption band than deposits from RF and MW plasma. At 932

cm"1 for the MW mode a peak was found, but not for the RF mode and

only a slight tendency for the dual mode. Generally a high amount of

SiOH groups was found. Unlike other authors [15] the amount of silanol

groups incorporated in the film is enhanced with increasing power input
and oxygen flow rate. The high deposition rates achieved in our reactor

set-up could be responsible for this finding, as dehydration condensation

reactions occur only at very low deposition rates [47].

For the carbon containing species the highest absorption was found for

the RF mode, almost no adsorption for the MW mode, and a value in

between for dual mode deposits. This corresponds to the changes of the

carbon content found in the films by XPS measurements (Fig. 4.7).

The Si-O-Si peak shows opposite behavior than the associated SiOH

peak. The peak position is at 1080 cm"1 for deposits from MW plasma,
at 1039 cm"1 from RF plasma, and at 1048 cm"1 from the dual mode. The

peak position at higher wave numbers can be the result of the enhanced

oxidation state of the Si atom or corresponds to a more relaxed structure

as the ion bombardment is missing [34]. The intensity is more enhanced

for the RF than MW mode. Similar tendencies are found for the peak
around 805 cm-1.

A pronounced absorption peak of the Si-H stretching vibrations around

2265 cm"1 band, was found for the RF and dual mode (dual mode >

RF mode), but not for the MW mode. As this group is not present in

the HMDSO molecule, the ion bombardment and the therby induced

energy is responsible for an effective bond breaking and the creation of

new groups.

4.4.2 Ageing

Spectra of a film (RF mode, default deposition conditions) exposed to

the ambient for different durations of time are shown in Fig. 4.31 and

4.32. For films deposited from the RF plasma, with an increasing expo¬

sure time to the ambient the absorption of the associated SiOH bonds

is increased and the peak position shifted (oxygen/HMDSO 40: 3447

-> 3394 cm"1, oxygen/HMDSO 15: 3446 -> 3421 cm"1, oxygen/HMDSO
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Figure 4.31: FTIR spectra (3800 - 2800 cm"1) of a film exposed to

the ambient for various durations of time.

1: no max —> 3447cm"1). The maximum increase of the absorption in¬

tensity is at the beginning. The conversion rate is enhanced towards

higher amounts of oxygen in the process gas. For oxygen-to-HMDSO
flow rate ratios of 40 in the first 30 min after the deposition process

50 %, after 5 h 75 % of the maximum value was detected. At standard

conditions ([02]/[HMDSO] = 15) 50 % of the maximum is reached after

5 h, 75 % after 27 h (Fig. 4.31). For films deposited at lower dilutions

([02]/ [HMDSO] — 1) a more uniform increase of the SiOH groups was

found (50 % after 27 h, 75 % after 510 h). The faster conversion rate of

films with lower carbon content can be the result of an increased number

of Si-O-Si bonds. In contrast the isolated SiOH bonds remain at a con¬

stant level. For films showing a silanol peak at 920 cm"1 ([02]/[HMDSO]
> 30) after the deposition an increase in intensity was found. Films with¬

out, do also not show a peak after 1250 h. Also the carbon containing

species remain constant for all films and exposure times. Thus the car¬

bon containing groups arc inert to the changes induced by atmospheric
water molecules and the following reactions.

Significant changes were detected for the Si-O-Si peak around 1040
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Figure 4.32: FTIR spectra (1350 - 750 cm"1) of a film exposed to

the ambient for various durations of time.

cm"1. With an increasing exposure time the peak intensity is enhanced

and the position shifted towards higher wave numbers (oxygen/HMDSO
40: 1044 -v 1055 cm"1, oxygen/HMDSO 15: 1039 -» 1047 cm"1, oxy¬

gen/HMDSO 1: 1034 -> 1037cm"1). Additionally the peaks become

narrower. This effect does not correspond to an improvement of the

oxide quality but to a relaxation (disruption) of the network due to

the absorption of water from the atmosphere [39]. These changes are

more uniform over time than the changes found for the associated SiOH

groups.

Similar tendencies like for varying the oxygen-to-HMDSO flow rate ra¬

tio were found for an increase of the RF input power. Apart from films

deposited at 50 W, the coatings show an enhanced trend to incorporate
silanol groups with an increasing RF power input. Generally the peak

position is shifted 20 cm"1 towards lower wave numbers. For films de¬

posited at 300 W 50 % of the maximum value was reached after 5 h, 75

% after 27 h. For films deposited at 50 W RF input power, no changes
were detected. The Si-O-Si peak intensity is slightly increased with the
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exposure time for an increasing power input and the position shifted

(300 W: 1041 -> 1052 cm"1, 50 W: 1039 -» 1040 cm4). All the other

investigated peaks were not modified upon exposure.

The tendencies found for the dual mode with varying oxygen-to-HMDSO
flow rate ratio or increasing RF power input resemble the ones found for

deposits from the RF plasma. By varying the MW power most trends

are similar to the RF power variation. With an increasing MW power

input the amount of SiOH originally contained in the film is increased.

Still, for all deposits the same increase in intensity and a similar shift to

lower wave numbers (approximately 40 cm"1) could be detected. 75 %

of the maximum intensity was reached after 50 h for all films, but with

a decreasing MW power input 50 % has been found to be accomplished
faster (1 - 5 h).

Different tendencies were found for films deposited from the MW plasma.
With an increasing exposure time a decrease of the associated SiOH

intensity was found. At higher oxygen-to-HMDSO flow rate ratios this

trend is more pronounced probably due to a higher amount of silanol

groups incorporated after the deposition process. Additionally the peak

position is shifted towards higher wave numbers ([02]/[HMDSO] =

15: 3399 - 3412 cm"1, [02]/[HMDSO] = 40: 3356 -» 3369 cm"1). The

other trends arc similar to the deposits discussed above, apart from the

mostly missing absorption peaks from carbon containing groups. This

corresponds to the findings from XPS measurements [4].

Generally films with a higher carbon content do incorporate less silanol

groups upon exposure to the ambient. This leads to the assumption
that the amount of SiOH incorporation in the film is dominated by
the oxygen-to-HMDSO flow rate ratio, as long as the minimum energy

required to form a suitable network during the deposition process is

achieved.
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Chapter 5

Application for

3dimensional geometries

In food packaging, medical device, and electronic industries the interest

in silicon oxide thin films on different substrate materials and shapes
has increased [5, 112]. PECVD processes are virtually not restricted

to the line of sight what is particulary important in the area of the

coating of 3D objects. To achieve an uniformly distributed film thick¬

ness and chemical composition, systematic investigations of coatings de¬

posited onto different 3D geometries have to be conducted. Conducting
and insulating geometries of different height, diameter, and edge length
were chosen to investigate the influence of the resulting flow pattern

and the electric fields. Only a few studies have been published in this

field [98, 101, 112, 113], This chapter is dedicated to the characteriza¬

tion of the film thickness, refractive index, chemical composition, and

mechanical properties of silicon oxide thin films deposited by PECVD

onto various 3D geometries.
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5.1 Experimental set-up

SiOx films were deposited at standard conditions (see Tab. 5.1) onto

various geometries such as vertically and inclined mounted plate sub¬

strates, hollow cylinders, and hollow cuboids as illustrated in Fig. 5.1

and 5.2. As vertically mounted plate substrates 100 x 30 mm2 and as in¬

clined mounted plate substrates (angle between substrate and substrate

holder: 30° and 60°, respectively) 50 x 30 mm2 Si-wafers were used. Four

different heights (10 mm, 30 mm, 50 mm, and 80 mm) and diameters

(16 mm, 33 mm, 59 mm, and 93 mm) were chosen for the cylinders.
For the cuboids two different heights (30 mm, 50 mm) and edge lengths

(26 mm, 52 mm) were selected. The edge length was chosen so that the

area of the opening of the cuboid is the same as for the corresponding

cylinder. The cuboids were necessary to investigate the differences of the

deposition on inside and outside walls of the substrates. The rear side

of the 60° inclined mounted PVC substrates was also analyzed. Sub¬

strate materials such as aluminum and polyvinyl chloride (PVC) were

used. The same substrate geometry was employed several times. Thus

all aluminum substrates were coated with a thin silicon oxide film de¬

posited in a RF plasma prior to the experiments to ensure comparable

experimental conditions.

Table 5.1: Process parameters for the silicon oxide film deposition
from MW, RF, and dual mode plasma.

Parameter MW RF dual

MW power [W] 1500 - 1500

RF power [W] - 200 200

HMDSO flow rate [seem] 10 10 10

02-to-HMDSO flow rate ratio [-] 40 15 15

Reactor pressure [mbar] 0.2 0.2 0.2

Temperature of the substrate holder [°C] 20 20 20

Temperature of the reactor walls [°C] 50 50 50

Deposition time [s] 120 60 60

For the deposition experiments the 3D geometries were placed on the
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a

Figure 5.1: Vertical and inclined plate substrates used for the 3D

experiments, a. is the angel between substrate and substrate holder

(30° and 60°, resp.).

Diameter Edge length

^r=^\

Figure 5.2: Cylinders and cuboids used in the experiments.

substrate holder in such a way that their main surface was parallel ori¬

ented to the main gas flux direction in the reactor as can be seen in Fig.
5.3. Silicon wafers were attached to the geometry surfaces: in the inner

space at the bottom of the cylinders, at the inner and outer cuboid walls,

and on all the sides of the vertically and inclined plate substrates. The

wafers were necessary for the analytical investigations.

In Fig. 5.4 a section of the FTIR scans (1300 - 700 cm"1) of four different

samples can be seen. To analyze the organic character of the deposits

mainly the ratio of the [Si-(CH3)x]-to-[Si-0] peak was investigated. The

Si-0 peak was found to be at wave numbers of 1070 - 1050 cm"1 and the
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Figure 5.3: Dimensional sketch of different 3D geometries (largest
and smallest dimensions) placed in the reactor.

bending of the methyl group in the Si-(CHs)x peak at 1290 - 1240 cm"1.

The mechanical properties adhesion and scratch resistance were quali¬

tatively analyzed by an adhesive-tape peel test and a pen-scratch test,

respectively.

Deposits on geometries like hollow cylinders, hollow cuboids, and plate
substrates were studied. In the following section the influence of the

different plasma discharges, 3D geometries, and substrate materials on

the deposited film thickness, refractive index, and film composition is

discussed.

5.2 Results and discussion

Preliminary experiments showed that the determination of the film thick¬

ness and refractive index of MW deposited films was hardly possible be¬

cause of the high surface roughness. Consequently, apart from the ver¬

tically mounted plate substrates, all experiments were conducted with

the RF and dual mode. Further, it was impossible to collect data by

ellipsometry at the outmost edges of the plate substrates. The reason

is a drastic change of the film thickness and therefore no even surface
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Figure 5.4: FTIR spectra of films deposited from a RF discharge
onto PVC cylinders of different height and 93 mm diameter (solid
line: 1 cm, dashed line: 3 cm, dash-dotted line: 5 cm, dotted line: 8

cm height). All data were collected in the center of the inner space

at the cylinder bottom.

could be obtained. An even surface is necessary for the ellipsomctric
measurements.

Generally it was found that independent of the substrate material an

increase of the cylinder height or a decrease of the diameter leads to

a reduction of the film thickness in the inner space of the cylinder at

the bottom as demonstrated in Fig. 5.5. Similar tendencies were found

for the dual mode. A different behavior was observed for the cylinders
with a height of 1 cm and the aluminum cylinders with a height of 3

cm. For these the film thickness increase with an increasing cylinder
diameter and then decrease again. At the inner walls of the substrates

the film thickness is reduced from the opening towards the bottom due

to shadowing effects and a monomer depletion in the process gas. The

thickest films were found to be deposited at the opening. For defined

gaps also a decrease of the film thickness with increasing depth was
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Figure 5.5: Film thickness versus cylinder diameter. The films were

deposited from the RF plasma onto cylinders of different height and

substrate material. All data were collected in the center of the inner

space at the cylinder bottom.

observed by other authors [101]. With an increasing edge length the

coating thickness towards the bottom is increased. On the contrary at

the outer walls, the film thickness decreases, then increases in the middle

of the substrate height before it decreases again towards the lower edge.
The overall film thickness distribution is more homogeneous on outside

than on inside walls. In general thinner films were deposited on larger

samples, as the deposited material is distributed over a larger area.

Different tendencies were observed for the organic content in the films.

As can be seen in Fig. 5.6 and 5.7 the ratio of the [Si-(CH3)x]-to-[Si-0]
peaks decreases for deposits on PVC with an increasing cylinder height
and diameter and for coatings on aluminum substrates with an increasing

cylinder diameter. Furthermore on PVC the organic content is reduced

with an increasing distance from the cylinder center (Fig. 5.7). Unlike, for

aluminum no dependence on the sampling area was observed. This leads

to the assumption that due to a longer residence time a higher monomer

conversion is reached. Simultaneously with an increasing cylinder length
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a decrease of the Si-(CH3)X peak was found as illustrated in the scans

in Fig. 5.4. An enhanced organic content was found for films deposited
onto aluminum substrates with an increasing cylinder height (Fig. 5.6).
For cylinders with 8 cm length again a reduced content of methyl-groups

was detected.
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Figure 5.6: [[Si-(CHs)x]-to-[Si-0] ratio vs. cylinder height for dif¬

ferent plasma discharges and substrate materials. All data were col¬

lected in the center of the inner space at the cylinder bottom.

To investigate shadowing effects on the inner surfaces of the geometries
the dependence of the film thickness at the bottom on the distance from

the cylinder center was examined. In the center area a homogeneous
film thickness was achieved. Towards the edges a decrease was measured

(Fig. 5.8 and 5.9). The edge-to-center ratio of the film thickness for

films deposited onto aluminum substrates (0.25 - 0.6) was lower than

for films on PVC (0.7 - 0.85), thus films deposited on PVC arc more

homogeneous. With an increasing substrate diameter the edge-to-center
ratio was reduced. As can be seen in Fig. 5.7, the [[Si-(CH3)x]-to-[Si-
O] peak ratio is slightly decreased towards the edges on PVC, thus a

more inorganic composition was found. This is due to shadowing effects

and therefore longer conversion times of the precursor. For 4" wafers

positioned on the substrate holder, a variation of the film thickness of
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Figure 5.7: [Si-(CH3)x]-to-[Si-0] ratio vs. cylinder diameter mea¬

sured in the center and at the edge for different plasma discharges
and substrate materials. All data were collected in the inner space

at the cylinder bottom.

10 % (1.6 % for the center area) was found for the RF mode and 3 %

for the dual mode.

Coatings deposited from the RF plasma lead to a higher film thickness

in the inner space of the cylinder at the bottom and at the inside and

outside walls than from the dual mode (Fig. 5.8), although the substrate

self-bias for dual mode was higher than for the RF mode. These findings

are the result of an activation of the process gases above the substrate

and thus loss of active species to the substrate and reactor walls in the

dual mode. The film thickness distribution at the substrate walls is more

homogeneous for the dual than for the RF mode. The same tendencies

were observed on vertically mounted plate substrates as will be discussed

later in this section. Additionally, the more inorganic character of the

dual mode coatings (Fig. 5.6 and 5.7) leads to denser structures and a

lower film thickness. Generally the decrease of the organic compounds
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with an increasing cylinder length or diameter is more pronounced for

films deposited from the RF than from the dual mode. A larger influence

of the geometry on the film composition for deposits from the RF plasma
was observed.
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Figure 5.8: Dependence of the film thickness on the distance from

the cylinder center for different cylinder diameters and discharges.
All films were deposited onto PVC substrates. The data were col¬

lected in the inner space at the cylinder bottom.

Thicker films resulted on PVC than on aluminum substrates as shown

in Fig. 5.9. This is probably a result of the fact that during the deposi¬
tion onto aluminum substrates powder was generated and the substrate

heated up (aluminum up to 100 °C, PVC up to 40 °C) because of the

substrate self-bias. Powder formation leads to a loss of film precursors

and could be avoided by reducing the reactor pressure or pulsing the

plasma [21, 113]. An increase of the ion bombardment and substrate

temperature results in an enhanced desorption of film building material

[30, 41]. Due to the self-bias, electric fields build up around conducting
substrate materials like aluminum and the substrate acts as electrode it¬

self. On the contrary to PVC, a self-bias sheath surrounds the aluminum

substrates and causes a rise in temperature [98, 113]. The film thickness

distribution at the outside wall of the substrate was more homogeneous
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for aluminum than for PVC, whereas at the inner wall for aluminum a

higher film thickness gradient from the opening towards the bottom was

found. This could be a result of the ion bombardment. The tendencies of

the organic content found for coatings on aluminum substrates are not

understood yet and need to be further investigated.
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Figure 5.9: Dependence of the film thickness on the distance from

the cylinder center for different cylinder diameters and substrate

materials. All films were deposited from the RF plasma. The data

were collected in the inner space at the cylinder bottom.

For vertically mounted plate substrates the thickest films were achieved

independently of the substrate material from the MW plasma in the up¬

per region of the substrate as demonstrated in Fig. 5.10. The film thick¬

ness was reduced towards the lower edge. Similar tendencies were found

by Schmid et al. [101]. Additionally with an increasing distance from the

MW plasma source the organic content in the film was increased. This

is due to the fact that the the MW mode is a remote process, i.e. the

plasma zone is separated from the deposition zone. The energy transfer

is provided through activated species from the oxygen gas and depends
on the mean free path and the lifetime of the species [110]. Thus a strong

dependence on the distance of the substrate from the plasma source and

monomer shower results, as was already shown by Gruniger [4].
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Figure 5.10: Dependence of the film thickness on the distance

from the substrate holder. Films were deposited from RF, MW,
and dual mode plasmas onto vertically mounted plate substrates

made of PVC and aluminum.

For the dual mode similar tendencies for the film thickness were found as

for the MW mode, i.e. a reduced thickness with increasing distance from

the MW plasma source. As for the cylinder walls the organic content in

the film was reduced with lower film thickness. Also for the RF mode a

more inorganic character of the film was found towards the lower edge.
The film thickness measured on vertically mounted plate substrates was

thicker on aluminum than on PVC substrates. Whereas the organic con¬

tent in the film was reduced in deposits on aluminum substrates. This

is mainly due to the fact that electric fields build up around conductive

substrates and the substrate is surrounded by a self-bias sheath, thus

acts as an electrode. Therefore the ion bombardment is directed towards

the substrate surface. PVC is a dielectric, thus no self-bias sheath builds

around it [98, 113]. The comparison of the three modes showed that

the most homogeneous coatings were achieved for the RF plasma. The

[Si-(CH3)x]-to-[Si-0] peak ratio is the lowest for dual mode deposited
films.
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The refractive index showed similar tendencies as the film thickness.

For the MW mode an increasing distance from the upper edge leads to

a reduced refractive index (MW: 1.47 - 1.10), thus lower film density,
because of the more organic character of the film with an increasing

distance to the remote MW plasma source. For the dual mode this ten¬

dency is less pronounced (dual/Al: 1.50 - 1.47; dual/PVC: 1.47 - 1.45).
For films deposited from the RF plasma an increase of the refractive in¬

dex was detected towards the lower edge (RF/A1: 1.50 - 1.54; RF/PVC:
1.43 - 1.47). Unlike coatings resulting from RF and dual plasmas, films

deposited by the MW mode did not show a substrate material depen¬

dence, especially not for the film composition. This is due to the missing

substrate self-bias in the MW discharge. As a result of the ion bombard¬

ment, the RF and dual mode deposited films showed a higher refractive

index for coatings deposited onto metallic substrates than on PVC. The

lowest values were measured for films deposited from the MW mode.

On the upper surface of the inclined mounted plate substrates the film

thickness was more homogeneous for the RF than for the dual mode.

Apart from the edges a homogeneous film thickness was achieved for

the RF mode. Unlike the upper surface, the film thickness on the rear

side drops drastically towards zero with an increasing distance from the

opening. Onto the upper surface the thickest films were deposited from

the RF plasma onto aluminum substrates, the thinnest resulted for the

dual mode on aluminum. Independent of the plasma excitation simi¬

lar thicknesses were achieved on plastic substrates. These findings were

independent of the inclined angle.

Also the refractive index showed no dependence of the inclined angle.

Independent of the substrate material an increase for the the RF mode

and a decrease for the dual mode with an increasing distance from the

substrate holder was detected. For 60° inclined mounted plate substrates

a slightly higher value was measured for the dual (Al: 1.47; PVC: 1.48)
than for the RF (Al: 1.47; PVC: 1.43) mode, for 30° a higher value for

films deposited onto aluminum (RF: 1.55; dual: 1.50) than onto PVC

(RF: 1.49; dual: 1.48).

For the RF and the dual mode a higher scratch resistance was detected

for films deposited onto aluminum than on PVC substrates. The best

scratch resistance was found for dual mode deposits on flat substrates
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parallel oriented to the substrate holder and perpendicular to the gas

flux direction. This is due to the higher substrate self-bias compared to

the RF mode and thus increased ion bombardment. Films deposited onto

cylinders showed a reduced scratch resistance with decreasing cylinder

height, for large diameters, and towards the edge. Apart from the edges
a lower film thickness leads to an increased resistance. Generally a very

low scratch resistance was found on vertical walls.

For all the vertically and inclined mounted plate substrates a better

scratch resistance was found for regions closer to the substrate holder.

Due to a lack of the substrate self-bias, thus missing ion bombardment,

films deposited from the MW plasma revealed the lowest scratch resis¬

tance and did not show a dependence on the substrate material.

By means of an adhesive-tape peel test, all films showed a good adhesion

on silicon wafers and PVC substrates. Unlike Peters ct al. [98], it was

found that coatings on aluminum showed a low adhesive strength. Parts

of the film peeled off after a few minutes at ambient conditions. This

could be a result of thermal stresses due to the heating of the aluminum

substrates during the deposition process.
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Chapter 6

Conclusions and Outlook

Gas permeation and gas phase analysis

The results show that an improvement of more than a factor of 150 (0.13
g/m2/day/bar) for gas barriers against water vapor was achieved. Other

authors reported permeation values of 0.1- 2.0 g/m2/day/bar for barriers

against water vapor for SiOx/PET or A10X/PET composites [5, 69, 72].
These values strongly depend on the substrate, the deposition technique,
and the process parameters. It was found that the crucial parameters

are the RF power input, the oxygen-to-HMDSO flow rate ratio, and the

deposition time (film thickness, rcsp.). Apart from a few measurements

the oxygen and water vapor permeation showed a similar dependence on

the process parameters but a difference in the transmission rate of 4 - 5

orders of magnitude.

For a better understanding of the plasma processes and the influence of

the gas phase on the barrier performance of the deposited silicon oxide

film, optical emission spectroscopy and Langmuir probe measurements

were conducted. The influence of the oxygen-to-HMDSO flow rate ratio

and the power input was investigated. With an increasing RF power in¬

put the positive ion density is increased. Similar tendencies were found

for the dual mode by varying the RF or the MW power input. All Lang¬
muir probe measurements were conducted in pure oxygen plasma. Thus
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the influence of the monomer HMDSO in the process gas on positive
ion density remains to be further investigated. An increase in RF power

leads to an enhanced fragmentation. From WVTR measurements it can

be seen that despite the stronger influence of the MW than of the RF

power input on the gas phase composition, the substrate self-bias is es¬

sential for the deposition of an effective gas barrier. This is due to a

network densification and an enhanced surface diffusion due to an addi¬

tional energy input [27].

An increase of the oxygen content in the process gas leads to a reduced

ion density. With an increasing oxygen-to-monomer flow rate ratio an in¬

crease of oxygen atoms and a reduced fragmentation of the monomer and

its fragments was observed. Compared with WVTR measurements it was

shown that an increase of the oxygen-to-monomer flow rate ratio leads to

an enhanced water vapor barrier performance for the RF mode, whereas

for the dual mode an increase of the oxygen flow rate above 200 seem

([O2]/ [HMDSO] 20) results in permeable films. These tendencies can be

explained by a change of the surface roughness and film composition. A

reduced ion density in the gas phase, a reduced substrate self-bias, more

inorganic film precursors, and a potential formation of higher molecu¬

lar species (has to be further investigated as higher molecular species

can not be detected by OES) influence the barrier performance of the

deposited films.

Investigations have shown that for the variation of the ion density and

the SiO species density no strong correlation with the WVTR in particu¬
lar for high oxygen-to-HMDSO flow ratios can be found. Heterogeneous

reactions which cannot be precisely observed by gas phase diagnostics
like OES and Langmuir probe measurements significantly affect the film

formation especially under the influence of 0+ bombardment. Thus from

gas phase analysis only limited conclusions can be drawn on the water

vapor barrier performance of the deposited films.

For a future use for an industrial application a crucial factor for an

in-situ process control of the deposited film quality should be found

as it is not possible to predict the barrier performance from gas phase

analysis. In industries the aim for barrier coatings against water vapor

is 10"6 g/m2/day/bar. To achieve such a film quality several problems
like initial substrate roughness, impurities in the ambient, nano-particle
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formation during the deposition process, etc. have to be considered.

Additionally the silica network is hydrophilic what leads to an attraction

of water molecules and reactions with the silica network (hydrolysis).
In this study it was found that an increased carbon content prevents

the films from incorporation of silanol groups. Furthermore the incor¬

poration of ions into the network can render films more stable. Another

problem is that up to now no method to analyze films with barriers

better than 10"4 g/m2/d exist.

Mechanical properties

Tendencies were observed that with an increasing power input or at

higher monomer dilutions the Young's modulus and the hardness are

increased. Due to problems with different measurement methods no de¬

fined value could be evaluated. To define the Young's modulus of the

silicon oxide thin films and properly determine the mechanical proper¬

ties like internal stresses, adhesion, and cohesion a method has to be

found. For the following results, the calculations were performed with

literature values.

The crack on-set strain, the adhesion, and the cohesion showed a similar

dependence on the process parameters. Due to a decreasing organic con¬

tent the crack on-set strain, the adhesion, and the cohesion are reduced

for films deposited from RF plasma with an increasing RF power. A low

carbon content in the film results in low density of covalent bonds be¬

tween the coating and the PET (low adhesion) and in brittle films with

a low cohesive strength. Similar tendencies were found for an increasing

oxygen-to-HMDSO flow rate ratio.

Coatings deposited from the dual mode show first an increase of the crack

on-set strain, the adhesion, and the cohesion with increasing power due

to an enhanced ion bombardment, thus a network densification. At a

high power input (very low carbon content < 1 %) the brittle character

of the film dominates and the crack on-set strain, the adhesion, and

the cohesion are again reduced. The trends found for an increase of

the oxygcn-to-HMDSO flow rate ratio can be correlated to the surface

roughness. An increased surface roughness leads to defects and flaws and

therefore weak spots.
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Another important aspect concerns the internal stresses. No internal

stresses are induced as long as the increase of energy can be compensated

by an increase of the density. The results show that internal stresses

do not depend on the plasma source or the gas composition but on the

total amount of energy introduced into the system. Excessive internal

stresses can lead to buckling phenomena and crack formation. Further,

as shown by Leterrier internal stresses depend on the storage time

between the deposition process and the time of investigation, as with

an increasing time the stresses were reduced [79]. Thus the films have

to be investigated over time to determine the changes of the mechanical

properties.

Application for 3dimensional geometries

Generally the experiments with cylinders showed a material and geom¬

etry dependence of the film thickness. Independent of the substrate ma¬

terial it was found that an increase of the cylinder height or decrease of

the diameter leads to a reduced film thickness. Unlike, the ratio of the

[Si-(CHs)x]-to-[Si-0] peaks decreases for deposits on PVC with increas¬

ing cylinder height and diameter. Silicon oxide films deposited from the

RF plasma lead to thicker films, thus higher deposition rates, than from

dual plasma. This is due to a higher organic content of the film and no

activation of the process gases above the substrate and therefore reduced

loss to the walls. Powder formation, an increased substrate temperature,

and an enhanced ion bombardment of the coating result in thinner films

on aluminum than on PVC substrates. The increased substrate temper¬

ature and ion bombardment are a result of the substrate self-bias, thus

the sheath that surrounds the conducting aluminum substrates. Homo¬

geneous films were found in the center area whereas toward the edge a

decrease of film thickness and a more inorganic character were observed.

This is due to the fact that shadowing effects play an important role

especially for narrow and/or high cylindrical structures.

On vertically mounted plate substrates the thickest films were found

independent of the substrate material deposited from the MW plasma in

the upper regions of the substrate. The film thickness was reduced and

the organic content increased from the upper towards the lower edge.
Because the MW mode is a remote process the deposited film strongly
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depends on the distance from the plasma source and monomer shower.

Investigations of the silicon oxide films deposited from the RF and dual

mode plasma revealed that the film thickness was higher and the organic

content lower on aluminum than on PVC substrates. This is due to the

electric fields that build up around conducting substrates. The refractive

index showed similar tendencies as the film thickness.

Especially for conducting materials a less homogeneous film results by

mounting the geometry directly onto the electrode than in the after¬

glow. To achieve a more homogeneous film thickness and composition

on 3D geometries the electrode geometry should be adapted in such

a way that the ion bombardment towards the substrate is uniformly
distributed. Additionally the velocity distribution plays an important
role for the mass transfer. Thus a homogenous distribution is favored.

To coat large 3D objects the gas flow should be perpendicular oriented

with respect to the surface. This can be achieved by rotating and/or
moving the objects in an appropriate way. Furthermore the diffusion

length should be large to suppress homogeneous reactions and shad¬

owing effects. This can be accomplished by a low reactor pressure.

In contrast, Schmid et al. found with an increased pressure a more

homogeneous film thickness distribution [101]. But powder formation

should be avoided as it leads to defects in the films and to monomer loss.

Requirements for a silicon oxide film

During processing the coating/substrate composite undergoes mechan¬

ical loads such as elongation and scratching. Hence delamination and

crack formation can occur, what reduces the barrier performance. Un¬

fortunately good mechanical properties do not necessarily correspond
to an effective gas barrier performance. Thus to develop defect-tolerant

high-barrier thin films optimal coatings with a gradient in the mechani¬

cal properties are required. In [2] it is suggested that a Young's modulus

gradient should be applied as can be seen in Fig. 6.1.

Adapting the suggestion of [2], the Young's modulus at the interface

between the substrate and film has to be similar to the modulus of

the polymer film. Hence a good stress transition is ensured and a high
adhesion results. In our experiments it was found that films with a high
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Figure 6.1: Young's modulus gradient to achieve an optimal coat¬

ing structure on polymer substrates. Reproduced from [2].

carbon content are required to provide a good adhesion. Films with a

good gas barrier performance have a high Young's modulus due to their

density and stiffness. Therefore the modulus has to be increased. Finally

a film with a high on-set strain is required to inhibit crack formation at

low elongations. As the tendencies for the crack on-set strain are similar

to the adhesion, again a film with low Young's modulus is required thus

a modulus gradient towards lower values. A possibility to achieve such

a gradient in the Young's modulus is to vary the carbon content in the

film; hence shift continuously the power input or the oxygen-to-HMDSO
flow rate ratio during the deposition process as their influence on the

chemical composition and thus the Young's modulus has revealed.

Another possibility is the deposition of several layers atop of each other.

For a 3 layer composite first a film with good adhesion is required on

top of the substrate (e.g. RF 50 W). The second layer should have good
barrier properties (e.g. RF 200 W) and the third a high crack on-set

strain (e.g. RF 50 W). It is assumed that the transition between the

different films is perfect thus formation of covalent bonds between the

layers and no stress peaks that lead to delamination are incorporated
into the film.
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