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Chapter 1

Introduction

Flexible, light-weight and low-cost are three driving properties that boosted
the application of polymer films into numerous applications. Even though the
main development and industrialization only took place within the last
century [1], polymer films play an important role in our daily life. In 2014,
the world production of plastic was estimated around 311 million tons [2].
Nowadays, it is impossible to imagine many large industries, including the
food packaging industry, car industry and consumer electronics industry,
without plastics.

Even though plastic films combine these great properties of being flexible,
light-weight and general low-cost, they have many material properties that
limit their application. Polymer films show low thermal stability and inferior
mechanical performance compared to glass or metals. A major drawback in
the food packaging and organic electronic industry is the high permeability
of water vapor and oxygen through the film leading to reduced lifetimes of
e.g. packed food or flexible organic electronic devices.

The functionality of polymer films is often modified or improved by the
application of thin coatings (usually below 1 um) using thin film deposition
techniques like sputtering, evaporation or Plasma Enhanced Chemical Vapor
Deposition (PECVD). PECVD became a designation for a collection of
coating technologies that use a plasma to initiate a chemical reaction between
volatile and reactive compounds in order to generate a non-volatile
compound on top of a substrate [3]. Compared to thermal CVD where the
reaction is thermally activated, PECVD uses the plasma while keeping the
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substrate at a low temperature allowing the usage in fields where low
temperature deposition is required, e.g. organic electronics [4] and sensor-
actuator industry [5].

1.1 Industrial perspective

A major economic advantage of flexible polymeric substrates, compared to
rigid substrates, is the ability to use a roll-to-roll coating process. The
substrate material is available as a compact roll of material. The sample
passes one or multiple deposition stations during the deposition in order to
deposit a single or multi-layer coating, respectively, and is finally wrapped
around a new core. An example of a roll-to-roll coater is the novoFlex® 600,
which is shown in Figure 1. Figure la shows a picture of this roll-to-roll
coater that is used at Fraunhofer FEP to qualify vacuum deposition processes
at a pilot-production scale. Figure 1b shows a schematic representation of the
novoFlex® 600. The winder and unwinder are shown at the upper left and
upper right. The blue line represents the path-way of the substrate through
the coater. The substrate passes several deposition stations and in-line
inspection systems along the path-way. The latter ones are used for quality
control and to check the plasma process stability over time. The novoFlex®
600 can be used to coat substrates up to 650 mm width. Within industrial
production, the dimensions of these reels go up to several meters web width
and lengths up to several tens of kilometer.

Apart from increased film width and length, the combination between the
deposition speed and required film thickness determine the speed of the web
passing through the web coater. Both optimization of the deposition speed as
well as reduction of the coating thickness, without losing the functional
performance, contribute towards the enhanced time-efficiency of the
deposition process.

This lead to the development of a variety of PECVD setups over the years
using different pressures ranging from high vacuum (sub Pascal domain) up
to atmospheric pressure [6-9], a variety of plasma sources (including
microwave [6,10-13], radio frequency [14-16], electron cyclotron
resonance [17,18], magnetron [19,20] and hollow cathode [19,21,22]) to
improve the coating properties and deposition speed while minimizing the
production costs. The high electron density generated by the hollow cathode
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arc discharge and the high ionization of the process gas opens the road to fast
deposition of functional coatings. This makes the process especially very
attractive for the in-line deposition of relatively thick (~ 1 um) coatings with
other coating technologies were thinner films are required. The long-time
experience of Fraunhofer FEP with hollow cathodes for the application in
evaporation technologies [23,24] allows for fast transfer to the industry of the
hollow cathode based PECVD process provided that the mechanisms for the
thin film growth are understood.

(@) (b)

Figure 1. (a): Image of the web coater NovoFlex® 600. (b) Schematic

representation of the web coater.
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Figure 2. Schematic representation of the requirements to the deposition
process and coating properties for thin film encapsulation.
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1.2  Scientific perspective

From a scientific point of view, it is important to understand the film growth
mechanisms of these thin films, which are deposited under high speed
deposition conditions in a roll-to-roll web coater. Understanding the film
growth mechanisms allows us to tailor the coating properties corresponding
to their applications and helps to find the limitations in order to further
improve the deposition process.

This thesis characterizes coatings deposited with a hollow cathode arc
discharge based PECVD process and focuses on the gas permeation barrier
and residual stress properties. These properties are critical for many
applications including thin film encapsulation of organic electronic devices
(e.g. organic photovoltaics of organic light emitting diodes) or as a
mechanical protective coating on plastic substrates or fragile ceramic
coatings. The goal within this thesis is to create an understanding how
process parameters influence the chemical structure of the coating and how
these changes affect the functional performance.

The most stringent requirements are most likely needed for the thin film
encapsulation (TFE) of organic electronic devices. TFE comprises all
deposition techniques were the water vapor and oxygen barriers are directly
deposited on top of an organic electronic device. Thin film encapsulation
puts stringent requirements both on the process as well as on the coating
properties. Figure 2 gives a schematic overview of the process and coating
requirements.

At the processing side, it is important that the substrate temperature remains
low (usually below 100-150 °C) as higher temperatures induce degradation
reactions [25] or influences the crystalline state of the hole transport layers
[26] within the organic electronic devices. High-energy particle
bombardment and UV-radiation may lead to degradation [27] and should,
when possible, be avoided as well. To avoid degradation in air and
mechanical contact with the active layers, it is preferred to deposit the
coating directly in vacuum in-line with the active device. Depositing the
layer in-line in a roll-to-roll setup requires a high and adjustable rate. It is
common to adjust the coating thickness by adjustment of the web speed.
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PECVD COATING
ELECTRODE

Figure 3. An SEM image of a thick PECVD coating with high residual
stresses deposited on an organic PV device. The internal stress in the thick
PECVD coating leads to delamination of the interface between the electrode
and the organic.

For TFE applications, the web speed is usually set by the deposition speed of
the (usually) much thinner layers within the active device. Obtaining a thick
coating requires a much higher deposition rate to guarantee the in-line
deposition of thick protective coatings.

Looking at the coating properties, absorption is unwanted as it reduces the
amount of light getting into the device. To avoid interference effects, a
refractive index similar to the adjacent layers is advantageous. If additional
coatings are applied, a high surface adhesion is necessary to avoid
delamination. PECVD deposited coatings have residual stresses, which could
lead to delamination of the underlying interfaces. Figure 3 shows an example
of a thick PECVD coating on an OPV device. The residual stress in the
PECVD coating leads to delamination of the underlying electrode from the
organic coatings. Therefore it is important to fully understand the residual
stress formation mechanism in order to reduce the residual coating stress and
avoid delamination of the underlying layer stack.

The most stringent requirement remains the gas permeation barrier. The
deposition of a barrier coating on a polymer substrate is still highly
challenging and is strongly affected by the surface quality of the film.
Deposition on top of a device poses even more challenges as the surface
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quality is usually not perfectly smooth due to the initial process steps. A
recent review shows that it is possible to use static deposition for the
application of a coating that has all required properties but are still far away
from industrial uptake due to extremely low deposition speeds and therefore
long tact times [28].

Even without the high barrier performance, a “thick” plasma polymer coating
on top of an active device can fulfill many applications:

1 Preliminary barrier coating against H.O and O

2 Mechanical protection during further processing steps

3 Permeation barrier for aggressive chemicals migrating from the adhesive
4 Adhesion improvement layer

As shown in Figure 3, a major challenge for the application of thick films is
the reduction of residual stresses. The origin of residual stresses in thick
hybrid organic/inorganic coatings on polymer webs is not widely discussed
in literature. Especially for roll-to-roll deposited coatings, scant literature is
available. Residual stress is often described as a combination of intrinsic
stresses and thermal stresses. The latter one is related to the difference in
thermal expansion coefficient between the coating and substrate and is often
not considered for low temperature PECVD processes. An often ignored
contribution towards residual stress is hygroscopic expansion. For roll-to-roll
deposited films, not only the stresses related to the coating properties but also
externally applied forces during winding should be taken into account. The
contributions of the different mechanisms usually depend on the type of
coating and the type of substrate.

The reliable characterization of the mechanical properties of the coating as
well as the residual stress for thin (< 1 um) coatings on polymer substrates is
a challenging topic as well and the classical methods are often not applicable.
Within this research, a comparison of the available methods for mechanical
characterization are given and a novel measurement setup was designed and
tested to characterize the residual stress.
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1.3 Scope of the thesis

This thesis focuses on the characterization of roll-to-roll deposited silicon-
containing plasma polymer coatings that are deposited in a roll-to-roll
process using a hollow cathode arc discharge plasma source.

Chapter 2 will present an introduction to the hollow cathode arc discharge
based PECVD process. The different components of the deposition geometry
will be introduced and a literature overview of the physical mechanisms will
be provided. The chapter finishes with a brief overview of the used thin film
coating technologies.

Chapter 3 investigates the chemical and gas barrier properties of the
coatings and discusses the effect of the oxygen flow and the applied plasma
power on the water vapor permeation rate for SiOx coatings with high carbon
concentration.

The second part of this thesis focusses on the mechanical properties and
residual stresses. Chapter 4 introduces a novel method to measure the radius
of curvature of highly curved samples and discusses the practical limitations
of nanoindentation for the measurement of the mechanical properties of stiff
coatings on flexible polymer substrates. Alternative methods, including
PeakForce Quantitative Nanomechanic property Mapping, Dynamic
Mechanical Analysis (nanoDMA) on the coating cross-section and Atomic
Force Acoustic Microscopy (AFAM), are evaluated and a discussion is
provided on the advantages and disadvantages of the individual methods.

Chapter 5 is dedicated to scrutinize the origin of residual stresses for
silicon-containing plasma polymeric coatings on a polymer web using a roll-
to-roll web coater. The effect of the applied web tension and viscoelastic
deformation is discussed and quantified. An extensive study was performed
on the stress induced due to changes the relative humidity after the
deposition. Accurate curvature measurement under a controlled humidity
allowed the calculation of the coefficient of hygroscopic expansion. These
measurement provide valuable and significant information for the
understanding of failure modes in silicon-containing plasma polymeric
coatings. The chapter concludes with an investigation on the relation
between the intrinsic stress and the carbon concentration in the coating.
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Chapter 6 concludes this thesis and provides an outlook on the possible
applications for silicon containing-plasma polymers deposited using hollow
cathode active arc discharge based PECVD.
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Chapter 2

Hollow cathode activated arc discharge
based PECVD

The broad application of plasma within the industry pushed the
development of a wide variety of plasma systems. The most elementary
plasma setup consists of a cathode and an anode located in vacuum. An
inert gas, the process gas, is purged into the chamber. By applying an
electrical current, the electrons will excite part of the process gas leading
to the presence of neutral atoms, charged particles and free
electrons: the plasma. Many modifications were made to the classical
parallel plate geometry to optimize the coating for specific applications.
For example, a toroidal source was developed to homogeneously coat
around objects [1] whereas a cylindrical plasma source was developed to
coat the inside of e.g. a plastic bottles [2] or containers [3]. However,
adaptations were also made to change the plasma properties. In 1916,
Paschen [4] was the first one who reported a cathode, which had a
cavity-like geometry. It was the large discharge current of the hollow
cathode that attracted the interest to this specific geometry [5]. The
hollow cathode is nowadays well developed and used for the deposition
of a variety of coatings [6].

This chapter gives an overview of the hollow cathode and introduces the
process that takes place in the plasma. This chapter ends with a concise
overview of the analytical methods used in this thesis.



Chapter 2

Within this thesis work, the hollow cathode is used as a plasma source in a
roll-to-roll  deposition configuration. Figure 1 shows a schematic
representation of the deposition geometry. The next three sections explain
the three main elements (indicated by the three dashed circles) of the setup
and provides a concise literature review of the processes that occur.

Hollow cailiode e
unit /77\ Booster
/ anode

HMDSO + O,

Figure 1. Schematic representation of the PECVD geometry used in this
thesis. The components and processes within the three dashed circles are
explained in section 2.1 till 2.3.

2.1 Hollow cathode plasma

An important part of the deposition geometry for PECVD is the plasma
source. The Hollow Cathode Unit (HCU) is shown in figure 1 in the first
circle. The HCU contains four components of the deposition system. The
main part is the actual hollow cathode, which consists of a tube made of
molybdenum. A thin cylinder made of lanthanum hexaboride (LaBg) with an
inner diameter of 5.5 mm is located within this tube. The low work function
of the LaBs promotes the emission of electrons. A gas inlet is located at the
beginning of the hollow cathode and is used to purge argon through the
hollow cathode into the reaction chamber. An annular anode is placed at the
end of the hollow cathode. This anode is mainly used during the initiation of
the plasma as it is located close to the exit of the hollow cathode. The last
component in the HCU is a double wire coil. This coil is used to create an
axial magnetic field in and around the hollow cathode and is used to change

12
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Argon inlet @ 5 S e— @—-

Active zone

Figure 2. Working principle of a hollow cathode. Based on [7]. The pop-up
shows a more detailed view of the processes in the plasma sheath.

the shape of the plasma.

The booster-anode is shown at the bottom-right side of Figure 1. This anode
is a secondary anode and is used to create a dense plasma below the
substrate. HMDSO and oxygen are purged into the reaction chamber using
the gas shower located at the bottom of the figure.

The principle of the discharge inside the hollow cathode is displayed in
Figure 2. The cathode has a cavity like geometry. On the backside, an inert
gas, usually argon, is purged into the cathode. Due to the pressure gradient,
the gas is accelerated through the cathode into the reactive chamber. The
plasma created by the hollow cathode is divided into the internal and external
plasma. The latter one will be described later on. The internal plasma, also
called Internal Plasma Column (IPC), allows for the highly ionized plasma
outside of the cathode.

A thin plasma sheath is presented at the inside of the cathode, which is
necessary to accommodate the voltage drop between the neutral plasma and
the negative charged cathode. Electrons emitted from the cathode walls are
accelerated within the plasma sheath towards the center of the cylindrical
cathode resulting in an increases of the electron’s kinetic energy [8]. After
passing through the plasma sheath, the electrons may have energies of
several tens of electron volt [9], which allows them to ionize the argon
atoms. When the positive ions enter the plasma sheath, they are accelerated
towards the cathode wall and collide with the wall resulting in the emission

13
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of electrons. The electron-ion collisions result in the formation of argon ions
whereas the ion-wall collisions results in severe heating of the wall. The
latter one allows the thermionic emission of electrons, which results in an
increase of the available electrons. The large number of electrons result in a
decrease of the plasma resistivity leading to the characteristic low voltage
and high current of an arc discharge. The thermionic emission was found to
be the primary electron source for a hollow cathode arc discharge [9].

As mentioned before, a hollow cathode plasma is known for its high electron
and ion density compared to other (e.g. parallel plate) geometries. Two
mechanisms contribute to this high density. The first mechanism is a result of
the cavity-like geometry. Where other cathode geometries usually have only
one confined direction, electrons are easily able to leave the plasma. In the
hollow cathode, the electrons are confined in two directions and are only able
to leave the plasma in the direction parallel to the cathode axis. This results
in a reduced electron and ion loss. The second reason is also known as the
hollow cathode effect. The electrons within the hollow cathode are moving in
a pendulum motion through the cathode [10]. The electrons created using this
pendulum motion are generally low energy electrons, which are not
responsible for further ionization. However, when collisions take place
within the sheath between the plasma and cathode wall, they are accelerated
in the electric field allowing them to gain sufficient energy to ionize other
atoms [11]. The ionization process is most efficient when the mean free path
of the high speed electrons is of the order of the cathode tube diameter. This
results in a balance between electron-ion and ion-wall collisions [12].
Because argon is purged through the hollow cathode, a pressure drop exists
in the axial direction within the hollow cathode. As a result, a pressure
gradient causes the ion density to decrease whereas the mean free path of the
electrons increases as a function of the axial distance. For a specific
combinations of background pressure and argon flow, a zone exists where
the mean free path of the ions is on the order of the diameter of the cathode
tube and a highly efficient ionization process takes place. This area is called
the “active zone” [5]. The existence of the active zone was experimentally
confirmed. Decroix et al. used a pyrometer to measure the temperature
profile on the outside of the cathode wall. A local maximum of the wall
temperature was found at the location where the active zone was
predicted [5]. The electron density in the active zone is estimated around
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10%-10%* m™ [9,13,14]. The length of the active zone is found to increase
with the discharge current and to decrease with the mass flow rate [15].

To initiate the plasma, a high voltage pulse is applied to create an electric
field. The electric field accelerates the charge carriers into the plasma area
[16]. Non-elastic collisions between the electrons and the atoms results in the
excitation and ionization of the atoms. The ionization will release additional
electrons until an electron avalanche creates a stable hollow cathode
discharge plasma. After the ignition, a glow discharge, which can be
identified by a high voltage and low current, is obtained. As soon as the
temperature of the cathode walls becomes sufficiently high, the voltage will
drop indicating an arc discharge is present in the plasma chamber.

The efficient ionization within the IPC results in a highly ionized plasma
with high electron densities directly outside the cathode. Besides the electron
density, an important plasma parameter in the electron energy distribution
function (EEDF). A commonly assumed EEDF is the Maxwellian shape
which allows a definition of the electron temperature (Te). Directly outside
the hollow cathode, the EEDF cannot be described by a Maxwellian
distribution but should be described by a Maxwellian distribution that is
superimposed with a directed beam of high energy electrons [17]. This
directed beam is usually called the Low Voltage Electron Beam (LVEB) and
contains electrons with energies between 10 and 30 eV [18,19]. The high
energy of the electrons in the LVEB make them suitable to efficiently ionize
and fragmentize vaporized monomers in the reaction chamber.

Excitation, lonization, Dossociation, Radiation, Polymerization

Plasma _
Neutral particles lons

Diffusion Acceleration | Desorption
Plasma sheath Sputtering

Particles, Fragments

Migration, Adsorption, Polymerization, Dissociation

Substrate JSJ/SS S S SSS S S S S S S S S S

Figure 3.Process that occur during plasma enhanced chemical vapor
deposition. Based on [20].
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2.2 Plasma enhanced Chemical VVapor Deposition

The second circle in Figure 1 surrounds the reactive plasma zone. PECVD
covers all depositions processes where a plasma is used to initiate a chemical
reaction between volatile and reactive components in order to generate a
non-volatile compound on top of a surface [21] and is a sub-group of
chemical vapor deposition (CVD) techniques. CVD usually uses thermal
activation to dissociate and activate the reactive gas and monomer. The
plasma allows for much lower substrate temperatures compared to thermal
CVD. It is important to mention that, in this case, low temperature processes
indicate processes with substrate temperatures ranging between room
temperature and approximately 200 °C [22-24]. Other effects of the plasma
on the substrate are the generation of active sites as a result of ion and
electron bombardment before the deposition and densification of the coating
after the deposition.

The involved processes are schematically summarized in Figure 3. Is should
however be mentioned that an exact correlation between plasma properties
and film properties remains phenomenological as a result of a large number
of unknown parameters due to the complexity of the system [20].

Plasma polymerization

Plasma polymerization can be considered as a sub-group within PECVD as
well as a sub-group within polymerization. Plasma polymerization describes
the deposition of polymers while using a plasma for the dissociation of the
monomer.

Plasma polymerization gained attention because it allows the deposition of
polymers with properties that cannot be obtained by classical polymerization.
Even though the exact polymerization routes are still not completely
understood, great work is done to obtain a better understanding of the
processes within the plasma [25]. The polymerization model described by
Yasuda [26] is nowadays widely accepted and supported by experimental
data. He proposed the “atomic polymerization”- model. It is similar to the
“Plasma electrical polymerization” model described by Drost [27] and the
“Quasi-Hydrogen Plasma” model by Friedrich [25]. The model describes
plasma polymerization as a two-step process. First, the monomer is
completely dissociated by the plasma into single atoms and ions. Then, the
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atoms and ions are transported to the substrate. The polymerization occurs at
the surface of the substrate. The complete dissociation of the monomer is
only possible when sufficient power is available within the plasma. This

resulted in the factor
w

- 2.1)

With W the applied power, F the monomer flow and A/ the molecular mass
of the monomer. This factor is known as the Yasuda factor and describes the
importance of the applied power per unit of monomer during the
fragmentation of the monomer. Several authors [25,26] found that the
coatings deposited with low power per unit of monomer are more similar to
classical polymers. This indicates a non-complete dissociation of the
monomer where original fragments of the monomer still can be found in the
deposited coating.

Reaction pathways of HMDSO and Oxygen

Extensive research has been performed on the dissociation of HMDSO [28-
33]. Several authors took special interest in the dissociation of HMDSO and
Oxygen [34-37]. Even though the deposition of silica containing plasma
polymers is widely studied using mass spectrometry, the exact deposition
mechanism is a complicated process and still not completely understood in
detail. This section provides an overview of the processes that occur during
the deposition of silica containing plasma polymers using PECVD. It should
be mentioned that the described pathways are the dominant reaction
mechanisms. In practice, the deposition mechanism is a combination of
reaction mechanisms.

S H T H :

“H-C-H | H-C-H 5
P N
 H-C +Si <0 - Si— C-H |
E H ," | 1‘: l H .
. /HC-H ! H-C-H ;
S H 1 H ;

...............................

Figure 4. Commonly observed dissociation steps for HDMSO.
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For the dissociation of HMDSO, most radicals and ions are formed by
dissociative ionization [33]. This process leads to the formation of initiators
for the polymerization process. Most authors agree that the first step in the
dissociation is the removal of a methyl group [33,35-38] (red rectangle in
Figure 4) which is described by

SizO(CHa)e -> SizO(CH3)5+ + CH*g +e (2.2)

This was confirmed by the presence of a large peak at 147 amu. Additional
peaks with mass differences of 15 amu where found indicating the presence
of Si-O-Si molecules with 1 up to 5 methyl groups. Breaking of Si-O bonds
(blue rectangle in Figure 4) was also observed, to a lesser extent, which led
to peaks at 73 and 89 amu and is described by

Si,O(CHs)s -> Si(CH3); + SiO(CH3)3 (2.3)

Alexander et al.[39] showed that the intensity of the peak at 73 decreased
compared to 147 for an increased power per unit of monomer. This indicates
that for high power, the methyl extraction becomes a preferred way of
fragmentation and leads to a lower organic content in the coating. Adding
oxygen to the plasma increases the fragmentation rate [34,37]. The ratio
between oxygen and HMDSO was found to be an important parameter for
the chemical composition of the deposited thin films. With increasing
oxygen present in the plasma, a higher number of HMDSO fragments
oxidizes after methyl extraction which results in a reduced organic part of
deposited film.

For low pressure deposition, the formation of the thin film is favored at the
surface of the substrate. For high pressures (>133 Pa), the formation of
“polymers” in the plasma was also observed [25].

Silica-containing plasma polymer thin films

Numerous literature reports PECVD processes were HMDSO and oxygen
are used to deposit thin films. The resulting silica containing layers are
described by a variety of different name. Examples are Silica-like [40],
SiO2-like [41-43], SiOx [44-46], SIOCH [47], ppHMDSO [42],Plasma-
polymerized HMDSO [48,49], Silicon containing [50], SiOxHyH; [51] or
Organosilicon [52-55] thin films. All these names summarize a collection of
thin films that are deposited using PECVD where a silicon containing
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monomer is used together with oxygen for the deposition of layers with the
chemical composition

SiO.C,H.

The variety of names indicates the wide variety of possible layer properties
that can be achieved using the aforementioned gas combination. Especially
the gas flow ratio between HMDSO and oxygen results in a large change of
the chemical composition. Whereas most plasma polymer layers are
combinations of different structures, the structure that attracts the most
interest is silica or SiO,. This perfect inorganic structure is shown in Figure
5a. In three dimensions, the four oxygen atoms are surrounded in a
tetrahedral coordination around the silicon atom. Chemical thermodynamics
shows that the reaction that takes place can be described by [25]

12 02 + Siz0(CHs)s) —> 2 SiOz + 6 CO, + 9 H,0 (2.4)

This reaction requires 12 times more oxygen compared to HMDSO
molecules. For much lower oxygen flows, the formation of
polydimethylsiloxane(PDMS)-like structures [28,56] can be formed as is
described by

8 O, + 2 Si,O(CHj3)s) — 2 (SIO(CH3)a)n + 4 CO2 + 6 H,0 (2.5)

It should be mentioned that plasma polymer layers show a certain degree of
cross-linking. Even for low applied power per unit monomer.

Si—0Si O
CH CH
o o 3 3
Si—0-15i—0
Si—O|Si O
CH CH
0O 0 3 3
n
n
(a) (b)

Figure 5 (a) The perfect structure of SiO. (b) The suggested groups in a
silica containing plasma polymer [42].

19



Chapter 2

Both structures represent a theoretical situation. In reality, amorphous
coatings are deposited that consist of a mixture of different bonds and
groups. E.g. Lefévre et al. [57] described the presence of (-Si-O-),-rings.
They used molecular dynamics simulations to show that low-energy particle
bombardment resulted in the breaking of large rings (n >=9) and formation
of smaller rings (n=5-7) leading to a higher film density.

It is clear that the substrate temperature has a major influence on the process.
Lowering the substrate temperature increases the sticking coefficient which
results in a higher deposition rate [21] but also reduces the atom mobility at
the surface.

2.3  Substrate surface

The third circle in Figure 1 surrounds the substrate and cooling drum.
Whereas the previous two sections were both valid for static, dynamic and
roll-to-roll deposition processes, the cooling drum is distinctive for roll-to-
roll processes.

Unwinder

Process drum

Figure 6. Schematic representation of the substrate pathway trough a roll
coater.
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The substrate is initially wounded around the unwinder as shown in Figure 6.
After leaving the unwinder, the substrate is wrapped around the cooling drum
before being rewound at the winder. The cooling drum is a metal drum
equipped with a water-based cooling and heating system that enables control
of the surface temperature. R2R deposition allows for the deposition of
substrates reels with lengths up to 60 km. The homogeneity along the reel is
mainly dependent on the time stability of the plasma process. Because the
sample passes by the plasma, it is exposed to different parts of the plasma.
Therefore, the lower and upper parts of the coating are deposited at the edges
of the plasma cloud, which usually has lower ion energies. This could lead to
slightly different properties at the top and bottom of the coating.

Both the winder and unwinder exert tension on the substrate, which will be
called the web-tension. As the speed of the substrate is controlled by rotation
of the cooling drum, the web-tension is necessary so as to avoid slip between
the substrate and the process drum. More important, the web-tension ensures
sufficient thermal contact between the substrate and process drum, which is
necessary to dissipate the heat resulting from the process.

Heat load and dissipation during the deposition.

There are several contribution to the heat load during the deposition of a thin
film coating on a polymer web. Literature identifies the main heat sources
as [58]

e Condensation heat

e Exothermic chemical processes

e Heat generation due to ion and atom impingement
e Radiative heat of high temperature parts.

A schematic representation of the thermodynamical process is shown in
Figure 7. The plasma applies a heat flux onto the substrate leading to
increased substrate temperatures (darker color). The back-side of the
substrate is in contact with the cooling drum, which is actively cooled by a
liquid flow through the drum. This allows for heat dissipation through the
back side of the substrate. The efficiency of the heat dissipation is mainly
dominated by the water vapor enclosed between the substrate and the cooling
drum as well as the effective contact between the substrate and drum. The
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effective contact between the substrate and the cooling drum is dependent on
the surface roughness and presence of particles at the interface. After the
deposition, a minor part of the heat dissipates from the front side by radiation
and gaseous conduction [59]. Most of the heat dissipates through the back-
side and is thereby the main focus of interest for optimization.

The thermal contact between the polymer substrate and cooling drum is the
critical point and is determined by a number of factors:

e Actual contact area
e Water vapor between the substrate and cooling drum
e Thermal conductivity of the substrate and cooling drum

Whereas the latter one is intrinsically material dependent, the contact area
can be influenced by extrinsic properties including surface roughness of both
the drum and substrate as well as contamination between the drum and
substrate. Especially the presence of anti-block particles on the back-surface
(used to reduce the adhesion between the substrate while being wound on the
core) of the substrate could majorly influence the heat transfer. Apart from
heat dissipation due to direct contact, it was found that water vapor trapped
in small cavities between the substrate and cooling drum is an important heat
carrier [58] which contributes to the total heat dissipation. Since the main
water vapor contribution is a result of outgassing of the polymer, the heat
dissipation rate becomes time-dependent which could lead to increased
substrate temperature if subsequent deposition are performed on a substrate.

Literature agrees that the thermal contact between substrate and the cooling
drum is the limiting interface for heat dissipation [58,60]. Therefore, it is
valid to assume that the cooling drum remains at a fixed temperature. Due to
the non-perfect thermal contact between substrate and cooling drum, a step-
wise increase of the temperature occurs between cooling drum and substrate.
In accordance to steady state heat transfer, a linear increase of the
temperature is assumed in the substrate. This leads to a temperature profile as
shown in Figure 8.
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Figure 7. Schematic representation of the heat flow during a roll-to-roll
deposition process. The black circles and edges represent particles and
defects that reduce the effective contact area between the cooling drum and
the substrate. The color gradient in the coating represents the gradient in the
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2.4  Thin film characterization

This section provides a brief overview of the commonly used
characterization techniques within this research. The mechanical
characterization is discussed separately in Chapter 4 and is therefore not
included in this section.

Visual light spectroscopy

Evaluation of the coating thickness measurements was performed using
optical spectroscopy. The reflectance and transmittance of the samples were
measured using a Perkin Elmer 900 optical spectrometer. Unless mentioned
otherwise, spectra were measured for the wavelength between 300 and 1100
nm with a 2 nm resolution. The angle of incidence is 90 degrees. Before
every measurement series, a reference measurement was made to check the
calibration of the spectrometer. Optical simulations were performed using the
commercial software SCOUT [61], based on the Lorentz Oscillator model, to
obtain information on the refractive index and coating thickness. Unless
mentioned otherwise, the transmittance and reflectance are simulated
between 500 and 1000 nm. For lower wavelengths, the UV absorption of the
substrate becomes significant and needs to be taken into account.

The model used for simulation is schematically shown in Figure 9. The light
is entering the sample from the top. The light is transmitted through a
dielectric coherent thin film (coating) and a thick film (substrate) and leaves
the substrate at the bottom. The substrate was simulated as an incoherent
layer which was recommended by Harbecke [62]. Simulation of an
incoherent layer ignores the phase information of the reflected waves. The
bare substrate was measured and simulated to obtain the optical properties of
the substrate which are kept constant in further simulations. The refractive
index, absorption and film thickness were used to fit the simulation to the
measured transmittance using the “Downhill simplex”- method. The coatings
are simulated with a constant », independent of the wavelength, and setting &
equal to 0 (no absorption), which is commonly applied for dielectric
materials [63].

It is known from literature that thin films, deposited using PECVD, exhibit a
gradient through the coating [26]. Especially for roll-to-roll deposited
systems, a gradient of the plasma in the direction of movement results into a
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gradient in the coated layer. When the single layer model was not sufficient
to obtain a good agreement between measurement and simulation, a surface
layer was introduced. It should be noticed that gradients may occur at the
interface between the coating and the substrate. Within this research, no
further improvements were found when adding additional sub-layers into the
model.

Air

Surface layer

Bulk layer

Substrate

Air

Figure 9. The simulation model used to fit the measured spectra in SCOUT.
The surface layer was used for correct for coating gradients if necessary.
This height of the layers is just for illustration purposes and is not to scale.

Fourier transformed Infrared spectroscopy

Information regarding the chemical bonds within the coating were obtained
using Fourier Transformed Infrared Spectroscopy (FTIR). Within this
research, a Perkin Elmer Spectrum 2000 was used. As the samples are
extremely thin (< 1 pm) compared to the substrate thickness (75 pum),
standard transmission or absorption measurement were not possible as the
signal from the substrate dominates the measurement. To reduce the
penetration depth of the signal, Attenuated total reflection (ATR)
measurements were taken instead. The ATR adapter was equipped with a
germanium crystal (nge=4) and the beam had a 45° angle of incidence («).

The penetration depth is described by [64]

A
dy = : 2.6)
ncoating)
Nge

2-TNge [Sin? (x—(

where ngyqting is the refractive index of the coating material and 4 is the
wavelength.
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Table 1. Effective measurement depth according to Eq. (2.6) for a coating
with n=1.6 for selected wavelengths.

Wavenumber  Wavelength Penetration depth
[cm-1] [nm] (n=1.6) [nm]
3500 2857 195
1365 7327 500
800 12500 853

Usually, thin coatings around 500 nm are analyzed. For these coatings, it has
to be taken into account that the penetration depth between 800 and
1363 cm? partly penetrates into the substrate and absorption of the substrate
has to be taken into account. If required, the influence of the substrate will be
discussed separately in the results.

For coatings below 500 nm thickness, the absorption in the substrate
becomes larger and thereby limits the information from the coating. As an
alternative to FTIR-ATR, a thin IR reflecting coating (e.g. aluminum) was
applied before deposition of the plasma polymer. This allowed the
measurement of all coatings independent of their thickness. However, it
cannot be excluded that the aluminum interlayer influences the growth
process of the plasma polymer coating and thereby this method was only
used when coatings with a thickness below 500 nm were analyzed.
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Figure 10. Schematic representation the Brugger WDDG coulometric
measurement device.
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Water vapor permeation measurements

Water vapor permeation measurements were performed to calculate the
water vapor transmission rate (WVTR). Large area permeation
measurements were made to include both intrinsic as well as defect
dominated permeation. The WVTR was measured using a WDDG (Brugger
Feinmechanik) measurement device. One side of the sample is exposed to a
known water vapor concentration and the other side is exposed to a dry
nitrogen atmosphere. As a result of the water gradient, water diffuses through
the sample. The amount of water is measured using a Coulometric detector.
From the diffused mass, the WVTR can be calculated according to

MH20 [g]
Area [m?]-Measurement time [day]

WVTR =

@.7)

It is important to mention that the WVTR is usually calculated when the
permeation has reached a certain steady state. The time until the steady state
is reached is the so-called “lag time” [65]. Unless mentioned otherwise, the
tests were performed at 38 °C and 90% relative humidity. Detailed
information about the measurement setup and conditions can be found in
Table 2.

Table 2. Overview of the permeation measurement parameters.

Measurement Parameter WVTR
Device WDDG (Brugger Feinmechanik)
Measurement Area 78 cm?
Temperature 38 °C
Relative Humidity 90 %
Partial Pressure Oxygen 21 vol% (air)
Measurement limit 5-10° g/(m2day)
Measurement accuracy 5-10° g/(m2day)
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Glow Discharge-Optical Emission Spectroscopy (GD-OES)

Glow Discharge-Optical Emission Spectroscopy uses an RF argon plasma to
etch thin film coatings layer-by-layer. The removed atoms are excited by the
plasma and will decay back under the emittance of a photon. The emitted
photons are observed using a spectrometer and counted in an energy
dispersive spectrum. Because the wavelength of these photons is defined by
the energy gap between the energy bands of the atom, analyzing the
spectrum provides information on the type of atoms that are removed from
the composite material. This process is schematically shown in Figure 11a.
Additional pulsing of the plasma is used to minimize the thermal load on the
sample [66]. The intensity of the measured signal is proportional dependent
on the number of atoms. As not every atom has the same emission yield [67],
a calibration is necessary to properly calibrate the process before quantitative
evaluation can be performed.

Hodoroba et al. [68] showed that hydrogen from the coating influences the
excitation and ionization processes of other species. Literature shows that an
increase in the hydrogen concentration results in a decrease of the silicon and
carbon signal [69,70]. The same authors also showed that oxygen drastically
increases the sputter rate without an increased oxygen signal.

The results in this research were measured with a Horiba GD-Profiler 2 using
a 13,56 MHz RF Glow discharge plasma that was additionally pulsed at 3000
Hz. Figure 11b, shows a typical measurement result. The upper curves were
shifted to improve the visibility. The horizontal axis shows the sputter time
that under the assumption of a steady sputter rate can be converted into a
depth scale. The vertical axis shows the voltage signal of the photodetectors
which are set for the elements H, C, O and Si. A significant gradient in the
hydrogen content is visible. After approx. 45 seconds, the Si curve goes to
zero. This was used to identify the interface between coating and substrate.
The non-infinite slope could be a result of silicon diffusion into the substrate
or because the atoms were not removed perfectly layer-by-layer during the
measurement. Besides carbon, all curves show a higher signal at the bottom
of the coating. To check whether the strong increase at the interfaces was a
result of the coating gradient or an artifact of the measurement, a four-layer
stack was analyzed as well. As there is no significant peaks at the interfaces
between the deposited layers, these peaks were assumed to be measurement
artifacts and the center part of the coating was used for the analysis.

28



Hollow cathode activated arc discharge activated PECVD

Optical
spectrometer

@
G
il %
o
i o= P
Art ,*9'
ﬁ \ & ;g
Sample
(@)
0.7 - .
Single layer ! —0
0.6 —
_ 05
&
= 0.4
&
503

_|Quadruple layer

0 20 40 60 80 100

Sputtering time [s]

(b)

Figure 11 (a) Schematic representation of the GD-OES setup. (b) Typical
spectra of the plasma polymer coating in this research. The upper and lower
picture represents coatings that were deposited in 1 and 4 passes,
respectively. The dashed line indicates the transition from the coating into
the substrate.

Atomic Force Microscopy

The surface roughness of the coatings was measured using Atomic Force
Microscopy (AFM). An “Explorer” (Topometrix) AFM was used in non-
contact mode to scan a 2.3 x 2.3 um area. (Resolution 7.7 nm/pixel). The
surface roughness was defined by the arithmetic surface roughness [71].
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X-Ray Reflectivity

X-ray reflectivity (XRR) is applied to analyze roughness, density and
thickness of thin films and thin film stacks. In this thesis, XRR was used to
gain access to the mass density of the thin films. Measurements were
performed using a Bruker D8 Discover. A monochromatic X-ray beam
(wavelength: 0.154 nm) was parallelized using a Go6bel mirror [72].
Consequently, the beam was reflected onto the surface of the sample. The
intensity of the reflected beam was measured using a scintillation detector as
a function of the angle of incidence. Measurements were taken between 0
and 5°-10°. The measured curve is fitted to a simulation to evaluate the thin
film properties. The simulation and fitting procedure were performed with
the open source software Gen-X [73]. During the measurement, the flexible
samples where adhered to a silica waver, which functioned as a carrier.

Already in 1923, Compton discovered that X-Rays do not penetrate into the
material for small angles of incidence between the incoming beam and the
surface of the material [74]. This is due to the phenomenon that is known as
total reflection and can be derived from Snell’s law for reflection:

Z—: Cos(6;) = Cos(6,) (2.8)

Fresnel reflection [a.u.]

0.0 0.1 0.2 0.3 0.4

Angle of incidence [°]

Figure 12. Fresnel vreflectance for a thin film for different
absorption/dispersion ratio’s. The dispersive part is chosen in such a way
that the critical angle is fixed at 0.17. Based on an image of Tolan et al.[75].
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When light wants to enter a low refractive medium (compared to the medium
it is leaving e.g. n.<n;) under a small angle, n, /n,Cos(6,) could become
larger than 1, which would require Cos(8,) also to become larger than 1.
Since this is not possible, the beam will be completely reflected. For visible
light, most materials have a higher refractive index compared to air (nair=1)
which results in total internal reflection when light tries to leave a material
under very small angles of incidence. The refractive index for materials in
the X-ray domain is smaller than one resulting in total reflection of X-rays
when X-rays tries to penetrate a material under small angles of incidence.

The refractive index for matter in interaction with X-rays is given by
n=1-6 —ip (2.9)

where § is the dispersive component and S is related to the absorption.
Because X-rays interact with the electrons I, § and g are functions of the
electron scattering factors and are given by [76,77]

5= ;—;XZNap YY1 Cifhj (2.10a)
B ==NNap Z)L1 Gify) (2.10b)

In these equations, 7. is the classical electron radius, 1 is the wavelength of
the beam, N, is Avogadro constant, p is the mass density and C; is the atomic
fraction of atoms in the material with electron scattering factors f;; and f;.

Since the absorption is usually much smaller compared to the dispersion,
absorption is often neglected. Neglecting the absorption and using the small-
angle approximation for the cosine term, the critical angle can be expressed
as

6. =25 (2.11)

Combining equation 2.10a and 2.11 provides an expression for the mass
density of the thin film that can be related to the measurement curve. Figure
12 shows three simulated curves. The black one represents the model without
any absorbance. However, the absorbance reduces the ideal edge making it
more difficult to directly read 6.

XRR also allows for measurement of the thin film roughness and thickness.
More information on these topics can be found in the literature [78,79].
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Scanning Electron Microscopy (SEM) and Energy
Dispersive Spectroscopy (EDS)

SEM and EDS were used to analyze the microstructure and chemical
composition of the coatings. An SU8000 Hitachi was used to image the
coating structures. A low acceleration voltage (~1 kV in SE mode and ~2 kV
in BSE mode) was used to image the microstructure without additional
metallic coating. The cross-section of the coatings was analyzed using
different preparation techniques. For cross-sections without surface
topography, the sample was cut and afterwards polished using a cross section
polisher (SM-09010, JEOL). This method allowed a clean cross-section but
provides no information on the microstructure. Alternatively, a micro-crack
which is generated by spontaneous cracking perpendicular to the cutting
direction of the sample was analyzed under approximately 45° in SE mode to
obtain information on the morphology in the cross-section.

The atomic ratio between silicon, oxygen and carbon was measured using
EDS. The X-Ray penetration depth was calculated using the Andersen and
Hasler approximation to ensure that only the coating was measured [19]. An
acceleration voltage of 5 kV, assuming a mass density of 1.6 g/cm3, results in
a penetration depth between 480 and 600 nm for analyzed elements as shown
in Figure 13.
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Figure 13. Penetration depth of the characteristic X-Ray as a function of the
acceleration voltage. The values are calculated based on the Andersen and
Hasler approximation assuming a mass density of 1.6 g/cm?.
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Chapter 3

Gas barrier and chemical analysis of
plasma polymeric coatings®

The water vapor barrier performance of thin film coatings can be
quantified by their water vapor transmission rate. This chapter discusses
the impact of a broad range of process parameters on the chemical
structure of the coatings and relates changes in the chemical structure
with the gas barrier performance of the deposited coating. The first
section discusses the effect on the oxygen-to-HMDSO ratio under low
and high applied plasma power settings. After concluding that the
organic coatings show great potential as a gas barrier, the second

& This chapter is based on the following journal publications:

Michiel Top, Steffen Schénfeld, John Fahlteich, Sebastian Bunk, Thomas
Kihnel, Steffen Straach, Jeff. Th. De Hosson (2017): Hollow-cathode
activated PECVD for the high-rate deposition of permeation barrier
films. In Surf. Coat. Techn. 314, pp. 155-159.

Michiel Top, John Fahlteich, Jeff. Th. De Hosson (2017): Influence of the
applied power on the barrier performance of silicon-containing plasma
polymer coatings using a hollow cathode-activated PECVD process. In
Plasma Process Polym, 14, e1700016



Chapter 3

section provides an in-depth discussion on the effect of the applied
plasma power per unit of monomer for organic coatings on the
permeation barrier properties. The mechanisms behind the water vapor
barrier is exposed. The chapter finalizes with a discussion on the
limitations of the hollow cathode arc discharge based PECVD as a tool
for the deposition of permeation barrier coatings.

SiO, has been widely investigated as thin film permeation barrier to reduce
the oxygen and water vapor transmission. These coatings are commonly
deposited using PECVD, Electron beam evaporation or sputtering
techniques. One of the main advantages of PECVD compared to sputtering is
the versatility of the technique. By carefully selection of the monomer and
process parameters, a coating with tailored properties can be deposited. In
this thesis, the choices of monomer and reactive gas are limited to HMDSO
and oxygen, respectively. This combinations allows us to deposit coatings
that are partly organic up to mainly inorganic coatings. HMDSO is well-used
due to its good availability and requires relative low safety precautions.

In this section, the literature review concentrates on PECVD processes based
on a mixture of HMDSO and oxygen. Literature has tested these two
materials in combinations with a variety of plasma sources including Radio
Frequency (13.56 MHz) [1-8] or MicroWave [1,7,9-11]. Special types
include a 2.5 kHz RF set-up [12] or the Pennings Discharges Plasma (PDP)
source [13,14]. In order to compare the processes, two different processing
parameters are defined:

w
]

Applied pl it
pplied plasma power per unit of monomer [sccm

and
Oxygen-to-HMDSO ratio [—]

The first one directly relates to the amount of energy per HMDSO molecule
whereas the second one is related to the ratio between oxygen and carbon
molecules present in the deposition zone and mainly affects the organic
concentration in the coating. Reducing carbon content within the coating
usually leads to a change in the ratio between oxygen and silicon as was
explained in chapter 2. Additionally, the process pressure and coating
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thickness play an important role. The pressure range is usually optimized for
the plasma source whereas the thickness is often a trade-off between process
efficiency, mechanical properties and barrier properties.

The wide range of processing parameters studied in literature is illustrated in
Table 1. The oxygen-to-HMDSO ratio is varied from values as low as 0.25,
for highly organic coatings, to values as high as 100 for inorganic coatings.
The applied power per unit of monomer is varied ranging from 2.6 W/sccm
to 800 W/scem. Pressures were reported from 1.3 up to 30 Pa. Coating
thicknesses were reported between 30 and 700 nm.

This broad variation also leads to a tremendous difference in the chemical
structure and thereby the improved gas barrier performance. Here, not only
the coating but also the substrate material and cleanliness of the surface of
the substrate play an important role that makes it even more difficult to
compare different sources in literature. A convenient, even though not
extensive, method for making a comparison is the so-called barrier
improvement factor (BIF), which is defined by
WVTRcoated substrate

BIFy, o =
20 WVTRbare substrate

The BIF represents the ratio between the coated and uncoated substrate. The
barrier improvement for water vapor was measured between 2 and 160.

Table 1. Overview of the main process parameters and the range used within
literature. The last column present

arcPECVD

Processing Parameter Range in literature . .
(in this chapter)

Applied power/unit of

2.6-800 w/sccm 70 w/scecm
monomer
Oxygen-to-HMDSO Ratio 0.25-100 2
Pressure 1.3-30 Pa <4 Pa
Coating thickness 30-700 400 nm
BIF (H20) 2-160 40
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The following two sections discuss the variation of the Oxygen-to-HMDSO
ratio and the applied power per unit of monomer on the chemical and barrier
properties for HMDSO coatings. The last section discusses the limitation of
the deposition technique for barrier applications.

3.1 Effect of the Oxygen-to-HMDSO ratio

The WVTR was measured for samples with different Oxygen-to-HDMSO
variations between 2 and 16 as well as for two different setting (high and
low) of the applied plasma power to obtain a general overview of the
promising process parameters for permeation barrier coatings. The “high
power” samples were deposited using a plasma power close to the thermal
limit of the substrate. Further increase in the applied plasma power lead to
thermal damage of the substrate. For the “low power” samples, the current on
the boosteranode was reduced down to 50% of the high power current.
Detailed process parameters are given in Table 2. The range for the Oxygen-
to-HMDSO ratio of 2 till 16 was chosen based on the theoretical reaction
mechanisms as discussed in chapter 2.
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Figure 1. Measured water vapor transmission rate (in g/m2day) of the
coatings as a function of the oxygen-to-HMDSO ratio. The middle part
shows the PECVD coatings deposited with (black squares) low power and
(red circles) high power. The blue triangles on the left and right show the
WVTR of the bare substrate and sputtered SiO; coating, respectively.
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The gas barrier results are shown in Figure 1. For the sake of reference, the
blue triangles on the left and the right indicate the permeation rates of the
bare substrate and sputtered SiO, coating, respectively. The coatings
deposited with low and high plasma power have an approximate thickness of
350 and 400-450 nm, respectively. The first observation is that without
sufficient power, no improved barrier performance is observed as is shown
by the low power samples (black squares). This indicates that porous
polymeric coatings are deposited, which provide no significant additional
barrier functionality compared to the PET substrate. The high power
samples, however, show a clear trend. For low oxygen flows, a major
improvement was observed from 7.8 g/(m?day) of the bare substrate to 0.16
g/(m2day) of the coated substrate. However, it is rather unexpected that the
organic coating shows a good barrier performance whereas the inorganic
coating shows almost no improvement even though it should resemble the
Si0; coating most.

This result clearly showed that the low power coatings show no potential as
gas barrier coatings and the focus was set on the high power coatings. To
obtain a better understanding of the changes in the coating, the high power
coatings and the sputtered barrier coatings were analyzed in more detail.
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Figure 2. Measurement of the chemical composition (except hydrogen) using
XPS. The results on the left show the trend for the high-power deposited
PECVD coatings whereas the values right of the dotted line show the results
of the sputtered reference coating.
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Table 2. Deposition parameters that were used for the deposition. A range is
provided for the parameters that were varied.

Processing parameter Range
Web coater novoFlex® 600
Web speed 1 m/min
Cooling drum temperature 0°C

Argon Flow

500 sccm + 400 sccm (100 sccm
through every hollow cathode)

Web tension 450 N
HMDSO flow 125 sccm
Oxygen flow 250-2000 sccm

HC Discharge Current / Voltage

100 A/ 24-26 V (low power)
131 A/ 24-26V (high power)

BA Discharge Current / Voltage

17 A / 7-16 V (low power)
33 A / 17-22 V (high power)

Density [g/cm?]
=
|

[]

L4 =1
0 2 4 6

Fll]]]][[lli]]i[[[
10 12 14 16 SiO,

0,/HMDSO flow ratio

Figure 3. XRR density of the coatings as a function of the oxygen to HMDSO
ratio. The ,,SiO; ,,-coating at the right represents the density of a sputtered

SiO; coating for reference.
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The chemical composition was analyzed using XPS. As the coatings were
approximately 400 till 450 nm thick, it should be mentioned that only a small
part of the coatings is analyzed. GD-OES was used to confirm that there are
no compositional gradients in the coating which allows us to use the XPS
data as a good approximation for the whole thickness of the coating. The
XPS results agree with the initial expectations. For low oxygen flows, the
coating is a SiOC, s coating which gradually changes to a mainly inorganic
Si0; 7 coating for high oxygen flows.

The PECVD coating shows an almost identical composition to the sputtered
coating for an Oxygen-to-HMDSO ratio of 16. As the density also plays a
major role in the barrier performance [5], XRR measurements were
performed to calculate the material density of the same samples. Figure 3
shows the results of the XRR measurement. To convert the measured
electron density in the weight density, the chemical composition of the XPS
measurements was used. As no information on the hydrogen content is
known, the calculation was performed for coatings under the assumption that
the coatings do not contain any hydrogen. The measurement errors towards
lower values do not take only the statistical error into account but also
include the effect of hydrogen incorporation. A clear trend is observed from
1.51 g/cm?® for the polymeric coating up to 1.77 g/cm® for the inorganic
coating. A slightly higher density is observed for the sputtered coating. This

0.18
016 — O,/HMDSO flow ratio: 2 8 16 Sio,
0.14 -
';‘ 0.12 '—_ _OH .
= o £, s si.0, SICH,
é‘ 0.08 — ﬂ co. Si-0-Si / Si-0-C
5 0.06 —
£ 0.04 =
0.02 —
0 —
0.02 L | : : : IW’ | . | : : .
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Figure 4 FTIR spectra of selected coatings. The different colors refer to the
various Oxygen-to-HMDSO ratios deposited using PECVD The black line
indicates the sputtered SiO; coating.
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could be explained by the incorporation of —OH groups, which is known to
induce a porosity in the coating [15,16]. It also explains the lack of barrier
performance. The presence of —OH groups was confirmed by the IR spectra
as shown in Figure 4 and an overview of the peaks and their corresponding
groups can be found in Table 3. The black line shows the sputtered SiO;
sample and the red line represents the absorption spectrum of the inorganic
PECVD coating. The blue and light blue line represent the more organic type
of coatings. The peak doublet at 2340 and 2360 cm™! is related to CO; in the
measurement chamber and was not taken into account any further. The peaks
between 800 and 840 cm™ as well as at 2913 and 2966 cm™' show a steady
decrease of the CHx groups with increasing oxygen content. The small peaks
indicate that there is still some carbon present in all PECVD coatings. The
peak between 3000 and 3750 cm™ that is assigned to —OH groups confirms
that the coatings deposited with high oxygen flow contain a significant
amount of —OH groups. The maximum peak intensity for an oxygen to
HMDSO ratio of 1:8 indicates the further increase of the oxygen flow could
reduce the presence of OH groups. For the organic coatings, some Si-H
groups were observed as well.

Between 1000 and 1250 cm’, the sputtered SiO» film shows only two

significant peaks at 1235 and 1050 cm’

. These peaks are assigned to
longitudinal and transverse optical phonon mode in an Si-O stretch,
respectively [17,18]. The PECVD samples show an overlapped peak.
Deconvolution using two Gaussian peaks was performed to analyze the
peaks. For increasing oxygen flow, the right peak slowly shifts from 1006
cm! to 1042 cm™ whereas the left peak shifts from 1086 cm™ to 1150 cm™.
Meanwhile, the intensity of the left peak increases compared to the intensity
of the right peak. Pai et al. [19] also observed these peaks. They considered
the left peak as a broad shoulder that increases with increasing oxygen
content. The shift was related to the oxygen to silicon ratio. With less
oxygen, the Si-O-Si angle changes due to a shift from SiO; towards SiO and
thereby changes the absorption frequency. The broadening is a result of the
increase in different bonding arrangements that are present within the
coating. The different angles agree with the presence of (Si-O), ring
structure [20].
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Table 3. An overview of the chemical groups present in the coatingand their
corresponding locations.

Wave number Groups Source

[cm™]

800 & 840 Si(CHs)2 & Si(CH3)s [21]

1027 Si-0-Si & Si-0-C [22]

1150 Si-O-Si [19]

2095-2260 SiH [23]

2340 & 2360 CO; [24]

2913 & 2966 CHs [21]

3000-3750 OH [25]

Conclusions

The lack of barrier performance of the SiO; like PECVD layer was explained
by the presence of CHyx and OH groups as well as presence of (Si-O), rings.
The single bond of hydrogen reduces the cross-linking of the plasma polymer
which results in a lower density as compared to the sputtered SiO; coating
whereas the larger rings create preferred permeation pathways.

The existence of barrier performance for the sample with low oxygen flow
was explained by Weston [26]. The explanation was based on the idea that
(Si-O), rings, which are preferred permeation pathways, are filled up by
carbon atoms. This leads to more cross-linking and increases the density of
the coating. This could explain the decreasing WVTR with increasing carbon
content. It should be mentioned that the explanations given for the change in
chemical composition are based on simplified models that can give the
reader an idea about the structure of the coating. In reality, the exact structure
is far too complex and consists of a wide variety of different bonds to a
higher or lesser degree.

To reduce the hydrogen content, even higher oxygen flows [11] or higher
energy per unit of monomer [2,3] could be applied to reduce the hydrogen
content in the coating. Within this research, the Oxygen-to-HMDSO ratio
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was usually limited as the high deposition rates require significant HMDSO
flow rates. The limitation was usually a result of the limitations of the flow
controllers and the vacuum pump capacity.

3.2 Influence of the plasma power on the gas
permeation properties of organic coatings.

As the organic coatings showed potential as barrier coatings, a thorough
investigation was performed on the barrier mechanism of the silicon-
containing organic barrier coatings and the effect of the applied plasma
power on the barrier performance. The process parameters used during these
experiments are listed in Table 4. Multiple samples were produced with a
constant Iga of 2.4 A-sccm™ HMDSO. The plasma voltage was varied by
both changing the magnetic field (i.e. the current through the coils) around
the cathodes as well as changing the argon flow at the booster anodes.
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[ |
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Figure 5 The WVTR (at 38 °C and 90% r.h.) of the thin films coatings is
plotted as a function of the applied power between the hollow cathode and
the annular anode (Pan)
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Table 4. Deposition parameters that were used for the deposition. For
parameters that were varied, the range is given.

Processing parameter Range
Web speed 1 m/min
Cooling drum temperature 0°C

Argon Flow 250-500 sccm + 400 sccm (100 sccm
through every hollow cathode)
Web tension 450 N
HMDSO flow 125 sccm
Oxygen flow 250 sccm
Pressure 0.07-0.1 Pa

HC Discharge Current / Voltage

131 A/23.5-30.5V

BA Discharge Current / Voltage

33A/ 7-16and 8-27 V

L1 111

1 lIllJl]

WVTR [g/(m3day)]

l
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Figure 6 The WVTR (at 38 °C and 90% r.h.) of the thin films coatings is
plotted as a function of applied power at the booster anode (Pga). In
improved permeation barrier performance is observed with increased power.
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WVTR’s were measured between 0.16 and 6.3 g m™ day™!. As the applied
plasma current was kept constant, this proofed that there is no direct
correlation between the applied booster anode current and the barrier
performance. To analyze the relation between gas barrier properties and the
applied power, the barrier performance was also plotted as a function of Paa
and Pga. These results are shown in Figure 5 and Figure 6, respectively. The
vertical axis shows the Water Vapor Transmission Rate in g m? day’
(measured at 38 °C and 90% r.h.) whereas the horizontal axis presents the
applied plasma power per sccm HMDSO for the annular anode and the
booster anode.

An inverse relation is observed between Paa and the barrier performance of
the coatings whereas a direct relation is observed between the barrier
performance and Pga. The measured power between the hollow cathode and
the annular anode mostly represents the plasma directly around the hollow
cathode unit and Pga mainly relates to the applied power in the reaction zone
and therefore describes the plasma that directly influences the fragmentation
and ionization of the monomer and reactive gas before deposition. The direct
relation between Ppa and the barrier indicates that the dissociation of the
monomer plays a dominant role.

Influence of the coating thickness

The coatings were deposited with a constant web speed of 1 m/min.
Changing the applied plasma power also influenced the deposition rate and
thereby lead to a small variation in the final coating thickness. The coatings
discussed in this section had a thickness between 350 and 510 nm.

To exclude that the thickness influences the permeation barrier between 350
and 510 nm, single layer coatings were deposited on a PET substrate with
web speeds varying between 1 and 30 m/min. The web speeds were chosen
in a random order to make sure that changes in the permeation barrier were
actually due to the difference in thickness and not due to any time effects.
Figure 7 shows the WVTR as a function of the coating thickness. Up to 150
nm coating thickness, the WVTR steadily decreases with increasing
thickness. For 150 nm and upwards, no significant changes are observed in
the WVTR. This allows us to rule out any effects of the coating thickness on
the permeation barrier for the coatings analyzed in this section.
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Figure 7. The water vapor transmission rate was measured as a function of
the coating thickness. The dashed lines indicates the WVTR of the bare
substrate.

Fragmentation of HMDSO

As the first part of section 3.2 showed that the dissociation seems to play a
dominant role in the permeation performance. Mass spectrometry was used
to analyze the effect of the applied plasma power on the fragments that are
present in the plasma.

Figure 8 shows two typical mass spectra. One for the deposition with low
(red) plasma power and one for the deposition with high (black) plasma
power. The mass spectrometer was limited up to 100 atomic mass units
(amu) which did not allow us to detect whether any remaining HMDSO
molecules (162 amu) were present in the plasma.

For the evaluation of the spectra, the observed peaks were divided into two
groups with masses below and above 50 amu as indicated by the dashed line.
The first group is assigned to single molecules and small groups (e.g. O, Ar,
C, H,0, Si"), which are a result of oxidation reactions of small hydrocarbon
groups [21]. These molecules are wanted in the plasma to allow the
formation of a dense coating. The latter group represents larger fragments
which can be assigned to intermediate products of the HMDSO molecule as
described in literature.[27] In our spectra, peaks were found for SiOC,Hs,
SiO(CH3), SizO(CH3)4, Si(CH3)4) and SizOH.
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As a measure of the dissociation of the HMDSO molecule, the sum of the
intensity of the molecules and fragments below 50 amu was divided by the
sum of the intensities of the fragments above 50 amu. It was found that the
degree of dissociation of the monomer in the mass spectrum shows a linear

correlation with:
X Peaks (<50 amu) ( Ppa
X Peaks (>50 amu) QHMDSO

)% X Qpaar X Qo, (3.1

In this equation, Pga represents the Booster Anode Power, Q represents the
flows of HMDSO, the argon through the booster anode and oxygen. The
measured dissociation was plotted against Eq. (3.1) in Figure 9.

The process parameters in Eq. (3.1) were compared with literature. The first
part represents the applied power per unit of monomer which is consistent
with the findings by Yasuda [28]. The influence of the fragmentation of
oxygen was also observed by Li [29]. The increase of argon results in a
higher pressure, which increases the collision rate and therefore it is thought
to have a positive effect on the dissociation of the HMDSO.

1.5E-9 .
H, : ;
3 1E9 g A
E 7 | SLO(CH,),
G \
=5SE-10 — ' ,
k= i Si(CH,). .
l k Ty s,
0 L e 4 A A
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Mass [amu]

Figure 8 A typical mass spectrum for a deposition with a (red line) low
power per unit of monomer and (black line) high power per unit of monomer.
Peaks at the left part of the dashed line are mainly assigned to single atoms
or small molecules. The peaks at the right side could be assigned to larger
fragments of the HMDSO molecule. The main peaks are identified in the
figure. Increasing the power reduces the number of *““large fragment™ within
the plasma.
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Figure 9 . The degree of fragmentation was analyzed taking the ratio
between the sum of the peaks below 50 amu and the sum of the peaks above
50 amu. The dissociation was plotted as a function of several process
parameters as shown in equation (2).

The value for a was chosen such that the correlation between the fit and the
data points was optimized. This maximum value was found at @ = 1.3. This
indicates that the power per unit of monomer has a more significant influence
on the dissociation compared to the argon and oxygen flow.

Thin film analysis

So far it was shown that the increased Pga results in higher dissociation of
the monomer. The deposited films were analyzed to evaluate how the
increased dissociation results in a better barrier performance. The thin film
analysis was focused onto the samples with an HMDSO flow of 125 sccm.
For higher monomer flows, the plasma power per unit of monomer was
found to be not sufficient to significantly improve the barrier performance of
the PET substrate. Further reduction of the monomer flow as well as further
increase of the applied power was not possible because the heat transfer from
the plasma into the substrate exceeded the critical thermal load of the
polymer substrate.

The plasma analysis shows that the fragmentation of the HMDSO monomer
increases with the applied power. XPS was used to measure the atomic
weight of Si, O and C for selected samples with a WVTR between 0.16 and 5
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g m?day. All samples showed a composition with a Si:O:C contribution of
27:36:37 (x 2) at%. No correlation between the chemical composition and
the WVTR was found, as shown in Figure 10. The measured variation is
therefore related to variation in the coating as only a small fraction of the
thickness is measured within the coating. This indicates there is no
significant shift in the chemical composition (without taking the hydrogen
content into account) from organic to inorganic with increasing power.
Because the XPS measurement showed no changes, the relative change in
hydrogen content was measured using GD-OES. The hydrogen content was
normalized by

JH[V]
JH[VI+[cC[V]+[fo [V]+[Ssi[V]

(3.2)

In this equation [ X [V] represents the averaged signal in the bulk of the
coating of element X. The WVTR was plotted as a function of the measured
normalized hydrogen content in Figure 11. It is seen that the hydrogen
content increases with increasing WVTR. One specimen which did not
follow the trend is the specimen with a hydrogen signal of 0.413 V (open
square). Even though it has the highest hydrogen content it shows a very low
WVTR. This sample will be discussed later.

42
40
38
36
34
32
30
28

26

Chemical composition [At%)

I N I A A I

WVTR [g/(m*day)]

Figure 10 . The chemical composition between carbon, oxygen and silicon at
a depth of 20 nm was measured using XPS shown for three samples with
WVTR’s between 0.1 and 5 g/(m2day). No significant changes in the chemical
composition of the coatings are observed.
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Figure 11. The WVTR (measured at 38 °C and 90% r.h.) of the thin films
coatings plotted as a function of the normalized hydrogen content (equation
1) measured by GD-OES. An increase in the hydrogen content corresponds
to a higher WVTR.
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Figure 12. The WVTR (measured at 38 °C and 90% r.h.) of the thin films
coatings plotted as a function of the thin film density measured using XRR.

It was described in literature that a higher mass density usually leads to an
improved barrier performance [5,30]. This relation was checked by
measuring the mass density of the coatings. Figure 12 shows the relation
between the mass density and the WVTR. Even though there is no perfect
correlation, an increased mass density indicates an improved barrier

55



Chapter 3

performance. It should be mentioned that the density calculation depends on
the chemical composition of the thin film. For the calculation of the mass
density, the hydrogen content is not taken into account. This leads to an
overestimation of the calculated density up to 0.08 g-cm™. However, a
reduction of the hydrogen content reduces the overestimation of the density.
Therefore, the actual increase of the mass density with applied power could
be even larger.

From the GD-OES and XRR results, it can be concluded that the lower
hydrogen content increases the thin film density. The hydrogen reduction
allows more cross-linking within the coating. The more dense packed
molecules would result in a higher density of the film.

Our analysis up to this point shows that the increased power results in higher
fragmentation of the monomer and that less hydrogen present in the
deposited films improves the barrier performance. This reduction could be
assigned to the reduction of either Si-H, O-H or C-H bonds in the coating.
ATR-FTIR was used to analyze the influence from each of these three bonds.

Figure 13 shows the IR-ATR spectra for selected samples with the measured
water vapor barrier rates between 0.16 and 6.3 g m™ day!. Unless stated
otherwise, the samples that are not shown showed similar trends. The
numbers shown in the figure correspond to the measured WVTR of the
samples. For the coated films, a broad peak is observed between 3000 and
3500 cm! which is assigned to the presence of O-H bonds [23]. The black
line represents the bare PET which shows no significant increase between
3000 and 3500 cm™ Therefore, the influence of the substrate can be ignored
in this domain. The differentiation between the lines lies within the
measurement uncertainty and no correlation has been found between the
WVTR and a change in the number of OH bonds. Figure 13 also shows
peaks from 2800 till 3000 cm™. These are assigned to the C-H stretching
within CHx groups [22,31]. Unfortunately, these peaks were related to
absorption in both the substrate and coating. Even though it is clear that the
coating still obtains C-H bonds, no conclusions can be drawn regarding the
change of these bonds in a quantitative sense.
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Figure 13 IR-ATR spectra between 2800 and 3700 cm-1 of several SiOx

samples with WVTR’s between 6.3 and 0.16 g/m2day. The black line
represents the spectra of bare PET.
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Figure 14. IR-ATR between 2000 and 2300 cm-1 spectra of several SiOx

samples with WVTR’s between 6.3 and 0.16 g/m2day. The black line
represents the spectra of bare PET.
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The domain between 2260 and 2095 cm™ was analyzed for the presence of
Si-H bonds [23]. Figure 14 shows this domain for the same samples as
shown in Figure 13. The black line again represents the bare PET. Also in
this domain, the PET does not influence the measured intensity. The numbers
shown in the graph denote the measured WVTR. Some spread was found
between the different samples. However, no correlation was found between
the presence of Si-H bonds and the barrier performance. Therefore it is
thought that the deviations are due to insignificant 1 variations in the
coatings.

As a result, the reduction of water content should probably be assigned to
breaking of Si-C and/or C-H bonds. The characterization of these bonds,
which lies in the domain between 900 and 1500 cm™, was difficult because
the C-H bonds which are present in the PET are interfering with the spectra
of the samples. However a significant increase of a broad peak between 1000
and 1060 cm™ was observed for lower water diffusion rates. This peak is
related to various Si-O-Si and Si-O-C bond and stretching modes [22,31-33].
Therefore, it is most likely that the increased plasma power results in the
breaking of C-H bonds in the HMDSO molecule. As a result, the Si-O-Si and
Si-O-C bonds are not terminated by hydrogen groups, which allow a higher
degree of crosslinking and the formation of a more dense structure improving
the barrier performance. Similar relations between the plasma power and the
degree of cross-linking have been found for other types of plasma polymer
films [34-36].

This FTIR results are consistent with the fragmentation of HMDSO as
described in literature [21,27,33]. The first dissociation steps are the removal
of CH3 groups and the breaking of Si-C bonds. The remaining Si-(CHx)x
groups are incorporated in the film. At higher power, an increasing number
of C-H bonds are broken and the hydrogen may react e.g. with oxygen and is
pumped away as H»O. The reduction of hydrogen allows for a higher degree
of cross-linking and therefore increases the density of the film.

One of the clear hydrogen sources is the hydrogen bound to the HMDSO.
However, another imported source is water vapor outgassing from the
substrate. Water vapor from the substrate film is a combination of water in
the bulk as well as water molecules attached to the surface. To check the
influence of these two water vapor sources, two experiments were
performed.
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In the first experiment, the substrate was exposed to vacuum for
approximately 12 minutes to allow the water to migrate out of the substrate.
In the second experiment, the substrate reel was pre-dryed over 2 months
under a nitrogen atmosphere. Both experiments lead to a reduced WVTR of
approximately 20 % compared to the “wet”-substrate.

Discussion and Conclusions

This section showed that for organic barrier coatings produced using a
mixture of HMDSO and Oxygen, the applied power per unit of monomer is
the critical process parameter. Sufficient power guarantees the complete
dissociation of the molecule and leads to dense coatings that show intrinsic
gas permeation barriers down to 0.16 g/(m?day) on a PET substrate. The
hydrogen content in the coatings was found to play a significant role in the
barrier performance.

The samples discussed in this paper were made during different deposition
runs to make sure that reproduction was possible. Almost all samples are in
good agreement with the proposed mechanism for improved barrier
performance. One sample however deviates from this trend. This sample was
indicated throughout this chapter with an open square. The sample shows a
low WVTR but shows a high hydrogen signal as well as a slightly higher Si-
H signal. So far, no clear explanation has been found for this specimen.
Reproduction of this specific sample has not been possible up to this point.

3.3  On the limit of the improved gas barrier
performance

The previous section discussed the improvement of the water vapor barrier
performance as a result of the applied plasma power. The improvement was,
in the end, limited due to the thermal degradation of the polymer as a result
of the heat load during deposition. As the mechanism of the barrier coating
was based on fragmentation of the monomer and cross-linking in the coating,
it should be evaluated whether or not further increase in the applied power
improves the functionality of the coating. The PET substrate (Melinex 401
CW) was replaced by a thermally more stable PEN film (Optfine PQA 1, 125
um) to allow for further increase in the plasma power per sccm of HMDSO.
Using the PEN substrate successfully allowed us to increase the power with a
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factor of 2 without damaging the substrate. The WVTRs of the coatings were
measured and are shown in Figure 15. The horizontal axis shows the applied
power per unit of monomer whereas the vertical axis shows the permeation
rate in g/(mday). During the deposition, the web speed was fixed at 1 m/min
and a HMDSO flow of 125 sccm was used. The black squares represent the
WVTR’s measured earlier whereas the red dots represent the samples with a
PEN substrate. The first observation is that the samples in the 40-60
W/(sccm HMDSO) range show similar WVTR values. This is in contrast
with sputtered coatings for which identical coating on PEN Optfine and PET
Melinex show difference up to one order of magnitude [37]. The coating
deposited with an applied plasma power of 120 W/(sccm HMDSO) shows an
improved gas barrier performance with a WVTR as low as 0.05 g/(m?day).
The trend is still going downwards which indicates that there is still room for
improvement. It is also interesting to look at the open symbols. These
represent the highest applied load where initial thermal degradation was
observed.

This experiment proofed that further reduction of the WVTR is possible.
Either the thermal heat load from the plasma on the substrate or improved
heat dissipation are required to avoid thermal damage of the substrate.
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Figure 15. The WVTR of multiple coatings is shown as a function of the
applied power per unit of monomer. The black squares denote the samples
deposited on a PET substrate. The red circles denote the coatings deposited
on a PEN substrate. The open symbols indicate the first sample with slight
thermal degradation.
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3.4 Conclusions

This chapter gives an extensive overview of the impact of the Oxygen-to-
HMDSO ratio and applied plasma power per unit of monomer on the
chemical and gas barrier properties of coatings deposited using a hollow
cathode activated plasma with a separate booster. Increasing the Oxygen-to-
HDMSO ratio to 16 allows for the deposition of mainly inorganic coatings
similar to sputtered SiO, with respect to the chemical properties and mass
density. FTIR reveals that the PECVD deposited coatings still contains a
significant number of —OH groups compared to the sputtered coating. The
resulting water vapor transmission rates are much higher compared to the
sputtered SiO; and even approach the bare substrate. Reducing the Oxygen-
to-HDMSO ratio results in an organic SiOC;s coating with a 50x lower
WVTR compared to the substrate.

The barrier performance for organic coatings is found to improve with
plasma power. A step-by-step explanation was given of the relation between
the applied plasma power and barrier performance for organic plasma
polymer films. The improved barrier performance is due to the increased
density of the deposited plasma polymer film. The higher density was found
to be a result of the reduced hydrogen content in the films. Since the IR-ATR
analysis showed no correlation between the barrier performance and the O-H
or Si-H bonds, the reduced hydrogen should be a result of the reduction of C-
H bonds. Therefore, sufficient power is necessary to break C-H bonds in the
HMDSO molecule allowing for the formation of sufficiently dense coatings
that exhibit a low WVTR.

The last part of this chapter evaluates the barrier limit of these polymeric
coatings. The PET was replaced by a thermally more stable PEN to further
increase the energy per HMDSO molecule. A steady increase was observed
toward 0.05 g/(m>day) with no indication of any saturation effects provided
that the substrate withstands the increased substrate temperature.
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Chapter 4

Mechanical characterization of highly
curved coated polymer substrates?

Just as challenging as the thin film deposition is the characterization of
these thin coatings itself. One of the relevant issues in thin film
characterization is the mechanical characterization of thin hard coatings
on soft substrates. To explain the degree of complexity, it was chosen to
dedicate a separate chapter to the work done on the qualification of
several characterization methods.

The first part of this chapter deals with the accurate measurement of the
residual stress of coatings on soft and rather thin substrates, which
usually show much larger curvatures compared to classically coated
silicon wafers. The second part deals with the mechanical
characterization of the hard coatings (>10 GPa) on compliant polymeric
substrates (< 5 GPa). The difficulty in measuring thin film coatings is
explained more thoroughly. Afterwards, four characterization
approaches are examined and the results are compared.

& A part of this chapter is based on the following journal publication:

Michiel Top, Guus Mulder, Nicole Prager; John Fahlteich, Jeff Th. M. De
Hosson, (2018): Effect of humidity on the residual stress in silicon-containing
plasma polymeric coatings. In Surface and Coatings Technology 347, pp.46-53.
DOI: 10.1016/j.surfcoat.2018.04.066.
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4.1 Curvature measurements

A material system always tries to reach the state of lowest total stress.
Therefore, residual stress may lead to irreversible bending of coated
substrates as both the coating and substrate try to obtain their lowest stress
state. Measurement of the substrate curvature is often done using
profilometry or white light interferometry. These techniques can measure
small deflections of the samples with extremely high precision and are very
useful and well applied for samples with low curvature (i.e. having a large
radius of curvature). However, for thicker hard films on a thin soft substrate,
the residual stress result in curvature that is usually much larger (i.e. much
smaller radius of curvature) and thereby exceeds the vertical measurement
range of the mentioned devices making them not applicable.

I cm

(b) (©)

Figure 1 (a) Picture of the curvature measurement setup. (b) Image taken
with the build-in microscope of a specimen. (c) Image after processing in
imageJ. The white area indicates the region of interest. The red-line
indicates the circular fit.
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A photographical measurement that directly measures the curvature is
considered to be more effective for specimen with small bending radii (high
curvature). Within this thesis research, a simple set-up was designed and
build to obtain reliable optical images of the sample curvature. A picture of
the measurement setup is shown in Figure la. The specimen holder on the
left consists of two thin metal plates to minimize the contact between sample
and holder and allows the sample to deform freely. The camera at the right
side of the picture was used to take an image as shown in Figure 1b. The
distance between the camera and specimen holder was 40 cm. The distance
was maximized to avoid any optical distortion but short enough to fit it on a
table. After processing the image to a macro script in Fiji [1], the curvature
was optically measured by fitting a circle with radius r through the specimen
as is shown in Figure 1c. The bright area represents the area used for fitting
and the red line represents the fit.

Several external effects and measurement errors were identified and their
effects are discussed in the following sections.

Effect of gravity

The specimen area between the two sample holders is larger compared to the
outer area. Thus gravity pulls more at the inner part of the specimen.
Depending on the position of the specimen, this leads to an under- (for the
“u”-concave position) or overestimation (for the “n”-convex position) of the
radius as is illustrated in Figure 2.

The effect of gravity was estimated using specimen with a radius of
curvature between 25 and 250 mm. The specimens were both measured four

times in “u”-concave position and 4 times in “n”-convex position. The
average and standard deviation were calculated. All values in “n”-convex
position showed a larger radius compared to concave “u”, which agrees with
the theory as described above. The deviation between the average and the
“u” and “n” positions ((u — n)/2) as a percentage of the average radius are

shown as a function of the average radius ((u + n)/2) in Figure 3.

The results show almost no effect for the highly curved specimen but show
an increasing effect at larger radii. The increase of the difference was
unexpected because a smaller radius leads to a larger mismatch ratio between
the material inside and outside of the specimen holders. As the highly
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Figure 2. Schematic representation of both sample position. In the “u”
concave position, the radius is underestimated due to the gravity that pulls at

the specimen. The radius is overestimated for the ““n”” convex position.
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Figure 3. The deviation between the average and the “u” and ““n”” positions
((u —n)/2) as a percentage of the average radius is shown as a function of
the average radius ((u + n)/2).

curved specimen tend to be much less flexible compared to the low stress
sample, the main mechanism is thought to be gravity-induced deformation.
Nonetheless, there is no reason to assume that the pulling force is higher in
“u” or “n”-position, which allows us to use the average of both
measurements. Therefore the average was taken in order to correct for the
influence of gravity.

Error sources

To make sure that the measurements are reproducible and to have a good
discussion on the significance of the measurements, a proper error analysis
was made. Three different error sources were identified and analyzed:

1 Variation between specimen (Specimen variation)
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2 Errors due to positioning of the specimen on the specimen holder
(Mounting error)

3 Errors due to the variation in the images and the accuracy of data
processing. (Calculation error)

An experiment was designed to calculate the contribution of each of the error
sources. 15 specimen were prepared under constant plasma conditions.
Measuring these 15 specimen and calculating the error distribution gives us
the total measurement error. Additionally, 1 specimen was measured 15
times. During each measurement, the sample was removed and replaced on
the sample holder to include both the error due to positioning of the sample
and the error within the data analysis (2 and 3). For the last measurement, the
same sample was measured 15 times without touching the sample. Between
each measurement, the light was turned off and on to solely measure the
impact of the camera quality and the data processing (3).

The result of these measurements is shown in Figure 4. The measurements
were performed on highly curved (R = 26 mm) samples and low curved (R =
290 mm) samples. The different curvatures were tuned by variation of the
coating thickness. The written numbers represent the error as a percentage of
the radius. The highly curved specimen shows a rather small error of 0.4%
for both the mounting and calculation error. The specimen variation is
mainly responsible and contributes to the total error with 1.8%. This leads to
a total error of 2.6%. For the sample with R = 290 mm, the calculation error
was equally large as the combined mounting and calculation error. This
indicates that the calculation error is mainly responsible. The calculation
error of 6.3% is already much higher compared to the total error of the highly
curved specimen. This was related to the resolution of the camera system: the
sample shape is fitted to an arc with radius R. For large radii, the height of
the arc, which is analyzed, is only 7-8 pixels compared to a line thickness
around 2-3 pixels. This small difference limits the accuracy of the fit and is
the main limitation for low curved samples. The high specimen variation is
related to the sample deformation as was discussed in the previous section
and causes a deviation of the perfect spherical shape. The total error of
12.3% limits the application and clearly shows that the measurement method
is mainly suited for highly curved samples.
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R =26 mm R =290 mm

0.4
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I Spccimen variation [0] Mounting error [Jlij Calculation error

Figure 4. Different error sources contributing to the total error for (left) high
curvature and (right) low curvature. The error contribution values are
written as a percentage of the measured radius.

Error due to coating thickness gradient

Converting the curvature into a residual stress requires information about the
coating thickness. Within this research, the coating thickness is calculated as
an average in the center of the sample using the optical transmission model.
It should however be taken into account that this is only an average as the
coating thickness may vary across the web. An exact map of the coating
thickness on the 6x6 c¢cm sample can be measured using Hyperspectral
Imaging (HSI) [2]. This high-resolution spectrometer technique can be used
to find gradients in the coating thickness. Figure 5 shows the HSI results for
5 line scans along the transverse web direction (TD). The scans were taken at
10 mm distance in the machine direction of the substrate (MD). The coating
shows no deviation in MD. Intermediate measurement at 250 um distance-
intervals (not shown here for clarity) show no deviation in MD as well. This
indicates that the coating shows no variation over time at these length scales.
An asymmetric thickness profile is present in TD. This can be explained by
the asymmetric geometry of the deposition chamber. The vacuum pumps are
located on one side of the deposition chamber (PS) which results in an
asymmetrical gas flow along TD within the vacuum chamber and thereby
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Figure 5. Left) The coating thickness calculated using HyperSpectral
Imaging. The lines represent scans along TD at 5 different positions along
MD. The dashed line indicates the nominal value measured using the large
spot spectrometer.

influences the local deposition rate. The stress of the arithmetic average
thickness is 465 nm whereas the thickness measured using normal
spectroscopy was 476 nm. As this is only a minor difference of 2% it was
neglected in further investigations.

4.2  Extensions of the Stoney equation.

The substrate curvature can be correlated to the thin film stress using a thin
film stress model. Literature shows a large number of different models. More
simple models are restricted by various assumptions whereas more
complicated models are usually valid in a wider range. The latter models
require more input parameters and therefore a better knowledge of the
sample properties. The simplest and most well-known model was published
already in 1909 by Gerald Stoney [3] and is known as the Stoney equation,
which relates the stress and curvature by

Esh?

o5 ==22) (4.1)

where Es and hs are the Young’s modulus and thickness of the substrate and
h¢ is the thickness of the coating. R denote the radius of curvature. Even
though the Stoney equation is widely applied in literature, there are some
very strict requirements that limit the application of the Stoney equation.
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The Stoney equation was originally derived using classical beam theory and
thereby only considers one dimension bending and neglects any shear
stresses in the sample. Timoshenko suggested to replace the Young’s
modulus (E) by the bi-axial Young’s modulus E* = E(1 —v) [4]. This
allows us to work with bi-directional curvature even though the expression
remains limited to very small deformations. Bi-directional bending usually
leads to warping of the substrate and requires the usage of shear components.
Masters et al.[5] discussed the necessity of mid-plane shear components for
samples which have a surface profile that is described by

w(x,y) = %(ax2 + by?) (4.2)

Where a and b correspond to the curvature in the x and y direction,
respectively. They found that the shear components need to be included
when a and b are non-zero. As the optical curvature measurements only
allows a reliable measurement of the radius if there is no curvature in the
camera direction, the measurements are always measured as such that the
displacement field is measured in the x-direction with a being non-zero
(perpendicular to the field of view of the camera) and b — 0 (parallel with
the field of view of the camera). This allows us to neglect the mid-plane
shear component of the stress.

Table 1. Mechanical properties used for the stress calculation. The substrate
values are given for both the machine and transverse direction which are
different as a result of the anisotropy in the substrate.

Property Value Method / Source

Young’s modulus substrate 3.6/4.6 . .
Uniaxial elongation test

(Es) (MD/TD) GPa
Poisson ratio substrate (v¢) 0.35+0.08 Literature[6]
Poisson’s ratio coating (9,.) 0.3 Literature[7,8]
Substrate thickness (hs) 75 um Product specifications

100-1000 Optical simulation of visible

Coating thickness (hc) nm light transmittance
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The most stringent requirement of the Stoney equation concerns the
thickness ratio between the coating and the substrate. For oxide coatings on
polymeric films, the thickness of the substrate has to be at least a 1000 times
thicker compared to the thickness of the coating [9]. As this is not the case
within this research, additional terms are required. Extensions of the Stoney
model were developed by Ro6ll [10], Timoshenko [4] and Inoue that provide
us with a more general relation between stress and curvature.

Benabdi and Roche [11] published an overview of the different models and
successfully related the different models to each other.

The most general equation (which was also described by Inoue) is given by

= Eshg X ! x[1+p(4a—-1)
e =~ Gh—vOR <+ ap) S TAla
+ ] (4.3)
With § = h./hs and
a = Ec(1-vs) (44)

- Es(1-v¢)

This equation consists of the Stoney equation (red), a correction for the in-
plane deformation of the substrate (green) and first and second order terms
(blue and orange) for the effect of the coating thickness. The impact of these
correction factors was calculated for the highest values of « and 8 used in
this thesis research. Using the values given in Table 1, 8 stays below 1/75
and « takes values not higher than 8. Using these values to calculate the first
and second order term for the effect of the coating thickness returns
maximum values of 0.25 and 0.0033 for the first and second order terms,
respectively. Therefore, the first order terms were taken into account but the
second order terms were ignored. The correction for the in-plane deformation
returns a value of 0.9 and therefore was also included. This gives us a final
expression for the residual stress:
Egh? 1
6hc(i—:/S)R (1+ap) x[

o, = — 1+ pM4a—-1)] (4.5)

73



Chapter 4

4.3 Quantitative evaluation of the Young’s
modulus?

Section 4.2 discussed the model required for the residual stress calculation
based on curvature measurement. One of the input parameters that was not
extensively discussed is the Young’s modulus of the coating. The Young’s
modulus was classically defined as the ratio between uniaxial tensile stress o
and the uniaxial strain € by

E =o0/e (4.6)

As classical strain experiments cannot be applied to thin coatings on thick
substrates, nanoindentation is often used as an alternative to measure the
Young’s modulus of thin film materials. The model of Oliver and Pharr [12]
describes a method to calculate the Young’s modulus based on the elastic
response of the unloading curve during an indent. As the original model
assumes purely elastic deformation during unloading of a semi-infinite bulk
material, there are strong limitations regarding the application of
nanoindentation for thin film coatings. As a rule of thumb, the indentation
depth should not exceed 10% of the coating thickness to avoid significant
influence of the substrate [13]. This is widely simulated using finite element
models and is generally valid for compliant coatings on hard substrates.
However, it was shown that measurements of hard coatings on compliant
substrates already show substrate effects for indentation depths as low as
2% [14,15]. The influence of the substrate creates strong limitations to the
allowed indentation depths. For very low indentation depths, the resolution
of the indentation equipment limits the measurement accuracy but also
requires a more detailed understanding of the contact mechanics between the
tip and sample, which is still not completely understood.

Figure 6 shows a schematic representation of a cross-section of the coating to
illustrate the challenges of nano-indentation on thin film coatings. Section (c)
corresponds to the section where the substrate influences the measurement
and should therefore be avoided during nano-indentation experiments.

& The work in this section was greatly supported by Jaroslav Lukes
(Bruker) and Malgorzata Kopycinska-Mdller (Fraunhofer IKTS).
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Coating l l

Substrate

Figure 6. Schematic cross-section of the thin film coating. The different
sections are with respect to the indentation depth. Section (a) in mainly
influenced by the coating roughness whereas section (c) is influenced by the
substrate. Section (b) can be used to measure the Young’s modulus using
classical nanoindentation but is not always present as (right side) section (a)
and (c) may overlap.

Avoiding substrate effects requires a reduction of the indentation depth
(<50 nm). At these low indentation depths it has to be taken into account that
the Hertzian contact model does not provide an accurate description of the
tip-sample interaction as surface roughness influences the actual contact
error (Section (a)). The roughness reduces the actual contact between coating
and indenter and leads to an underestimation of the measured Young’s
modulus. Apart from roughness effects, the macroscopic assumption of the
tip-shape is usually not valid and a proper understanding is required to make
sure that a good approximation of the actual contact area is available.

Applying nanoindentation on thin stiff plasma polymer coatings on soft
polymer substrates still poses a big challenge and requires deep
understanding of the indentation mechanism. This section discusses classical
nanoindentation of PECVD deposited coatings and evaluates alternative
experimental methods to measure the Young’s modulus. To compare these
characterization methods, several organic coatings were deposited under
constant plasma conditions with different thicknesses (150 2600 nm) and
surface roughness by variation of the web speed between 0.1 and 2 m/min.
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4.3.1 Continuous Stiffness Measurements

Continuous Stiffness Measurements (CSMs) were performed using a Nano
Indenter XP (MTS) equipped with a Berkovich-indenter. Here, a classical
indentation is imposed with a harmonic oscillation. More information can be
found in a review paper by Xiaodong et al. [16]. CSM allows the calculation
of the Young’s modulus as a function of depth. For each sample,
approximately 25 measurements were taken. If not mentioned otherwise, the
average values and standard deviation are given in this thesis. The load was
applied to keep the strain rate constant at 0.05 s™. During the loading, a
harmonic oscillation with 45 Hz was added for the CSM. Before and after
every sample, indentations were made in a quartz reference sample to check
whether the tip was damaged or contaminated during the measurement.

The indentation curves of the 160 and 2650 nm coatings are shown in Figure
7. Figure 7a (160 nm thick coating) shows severe plastic deformation. Apart
from a slightly increased load, the response of the sample is mainly
dominated by the substrate as shown in Figure 8. The red indentation curve
was made on the uncoated substrate and shows an almost identical response
as the substrate that is coated with the 160 nm thick coating. Figure 7b shows
a mainly elastic behavior as the unloading curve almost overlaps with the
loading curve. The increasing maximum load for a similar indentation depth
already indicates a much higher hardness and modulus compared to
substrate.

5

5 - *
= z 7 P
E 1.5+ E 4 —
3 ¢“ 3 loadi **#
£ = oading
w 1 loading * X hc 3~ \b h*
Y N -
gl o £ o
2 0.5 - * . \ 2
= * =1 loading
i * unloading
* unloading T
0 — —TTT 0 — —— T
0 100 200 300 400 5000 G0 0 100 200 300 400 5000 G0
Indentation depth [nm] Indentation depth [nm]
(@) (b)

Figure 7. Load-displacement curves of a (a)) 160 nm and (b) 2650 nm thick
coating on 75 um PET Melinex. Please note the different scales on the y-
axis.
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Figure 8. Indentation in Melinex 401 CW Substrate and the 160 nm thick
coating.

Figure 9 shows the results of the CSM measurements. The different lines
correspond to different thicknesses and the error is calculated based on the
standard deviation of 25 different measurements. The bare substrate shows a
constant hardness of 0.33 GPa and a Young’s modulus of 3.5 GPa. The 160
nm thick coatings shows a steep decrease and approaches the substrate
modulus rather fast. The hardness curve of the 640 nm thick coating also
shows an overall decrease but seems to stabilize at indentation depths below
100 nm. The thicker coatings stabilize around 3 GPa as well. This is a good
indication that the hardness can be estimated for coatings with a thickness
larger than 600 nm. However, all measurement curves of the Young’s
modulus directly decrease towards the Young’s modulus of the substrate. Up
to at least 2.6 um coating thickness, no stable plateau was formed that allows
for the calculation of the Young’s modulus. This is in agreement with Pelegri
et al. [14] who stated that a measurement of a hard coating on a compliant
substrate is already influenced by the substrate for indentation depths around
2% of the total coating thickness. This would require an indentation depth
below 52 nm for the 2.6 um thick coating. At this depth, the surface
roughness starts playing an important role and may falsify the effective
contact area as was shown in Figure 6.
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Figure 9. The graphs show the (a) hardness and (b) Young’s modulus results
of the CSM measurements for different coatings thicknesses as well as the
bare substrate. The coating thickness is shown in the upper right corner. The
left picture shows the evaluated hardness and the right picture shows the
evaluated Young’s modulus.
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4.3.2 Peak Force Quantitative Nanomechanical Mapping

As no section (b) (see Figure 6) exists in the samples discussed in this thesis,
an alternative measurement technology is necessary. This section applies
Peak Force Quantitative Nanomechanical Mapping (PF QNM) [17]. PF
QNM is available at Atomic Force Microscopes (AFM) type Multimode
(Developed by Bruker).

PF QNM combines the high resolution and sharp tip of an AFM with
mechanical characterization at very small indentation depths. The high lateral
resolution allows for direct measurement within section (a) as the topological
information is used for corrections of the surface roughness [18]. More
information about PF QNM can be found in [17]. PF QNM measures the
force interaction between the tip and sample to calculate the Derjaguin-
Muller-Toporov (DMT) modulus of the sample. The DMT modulus is an
extension of the Hertzian contact model by assuming the elastic contact of
two spheres. They added an additional component to correct for the adhesion
forces between the two bodies.

Several authors already investigated the reliability of PeakForce QNM for
selected samples. Dokukin and Sokolov [19,20] investigated the influence of
the tip radius while measuring bulk polymers (with Young’s moduli between
0.6 and 2.8 GPa). They found large discrepancies between the Young’s
moduli measured using PF QNM and the bulk reference moduli. However,
they demonstrated that, at least for their samples, quantitative agreement with
the bulk moduli could be obtained using a rather blunt probe and the
Johnson-Kendall-Roberts (JKR) model. Young et al. [21] also discussed
measurements on polymers. They found that a proper calibration with a
reference sample close to the actual modulus of the measured sample is
required to obtain reliable and reproducible results.

For the experiments in this research, PF QNM measurements were
performed using a BRUKER Multimode 8 PeakForce AFM. A silicon tip
(RTESPA-525 Tip, Bruker) was used as recommended by BRUKER for
samples with an estimated modulus between 1 and 20 GPa. These tips have a
nominal tip radius of 8 nm, which allow indentation measurements at high
lateral resolution. A scan area of 500 x 125 nm was used with a resolution of
128 x 32 measurements at a scanning rate of 0.5 lines per second. The
number of indents was chosen in such a way that the wear of the tip was
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minimized while maintaining sufficient information on the surface
topography. The maximum tip force was fixed to make sure that the tip
deflection is 5 nm (as recommended by the manufacturer). Bruker Scanasyst
[22] was used to control the remaining feedback parameters. The samples
were glued onto steel discs from Bruker using a 2-component adhesive.
Before each measurement, the tip was calibrated on Highly Oriented
Pyrolytic Graphite (HOPG) with a nominal modulus of 18 GPa. After the
measurements on the actual sample, the HOPG sample was measured again
to check for any damage or wear of the tip during the measurements.

The AFM measurement has an advantage over classical indentation that the
mechanical data and the surface topography at the exact same position are
available. Figure 10 shows the results of the topography (a) and the modulus
(b) measurements. The resolution of the topography image is limited due to
dulling of the tip but is still very useful in the discussion and validation of the
mechanical properties.

The topography resembles the well-known cauliflower like structure whereas
the modulus map looks like an inverted cauliflower structure with low
modulus cusps and a connected high-modulus network. As the features in the
topography and modulus map are similar in size this strongly indicates that
the mechanical measurements are influenced by the surface topography.

To confirm the correlation between microstructure and measurement moduli,
the boundaries between the nodular structures were identified using a gray
level watershed algorithm in Fiji [1]. The height map is converted into a gray
level image where the z-scale is indicated by the gray level. The watershed
algorithm “floods” the image starting at very light colors (low z-values) and
step by step includes darker colors (high z-values). Islands that are
surrounded by the “flood” are stored as boundaries. For more information
about the watershed algorithm is referred to [23] and [24]. Watershedding
allowed the identification of the boundaries between the columnar structures
which were afterward plotted on top of the measured modulus map as shown
in last picture of Figure 10. The blue lines indicate the boundaries of the
height map which were found by the watershed algorithm. The blue lines
almost perfectly align with the “high-modulus web” which was observed in
the modulus map. This confirms that the topography influences the
measurement of the modulus. The effect of the topography can be explained
by assumptions of the DMT model [25].
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(b)

(©)

Figure 10. (a) AFM Topography image (planarized) of the 300 nm thick
coating. (b) Corresponding DMT Modulus map of the picture in (a). (c) The
DMT Modulus map of (b) with an overlay of the boundaries of the height-
image (a) measured using the Watershed-algorithm. A clear correlation is
found between the boundaries in the topography map and the maxima in the
modulus
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The DMT model assumes the contact between two spheres. The contact
between tip and sample at the cusps will be governed by side contact of the
adjacent spheres. This leads to a much higher contact area and thereby an
overestimation of the calculated modulus. As a result, only the coatings on
top of the spheres can be used for the analysis. The data of the samples was
processed using a Matlab script, which calculates the local maxima of the
topography map and takes the measurement values of the modulus map at the
corresponding coordinates.

This procedure was used to calculate the Young’s modulus. Figure 11a and b
show the arithmetic surface roughness (Ra) in nm and the Young’s modulus
in GPa as a function of the coating thickness, respectively. Each data point
represents the average of at least three scans. The morphology shows a clear
trend that the surface roughness increases with the coating thickness. Figure
11b however shows that the coatings up to 500 nm have an identical Young’s
modulus of 11.5 £ 1 GPa. The 640 nm thick coatings show a slightly higher
Young’s modulus of 14.2 + 2 GPa. The 1250 nm thick coating has a Young’s
modulus that is over two times higher compared to the other coatings. The
identical results for the coatings up to 500 nm strongly support that the
measurement does not get influenced by the substrate and that effects of the
surface roughness can be corrected for. The increasing error for the thicker
coatings indicates that for very rough surfaces, the deviations from the model
become larger and thereby reduces the accuracy of the method. The increase
in the Young’s modulus can be assigned to the higher thermal load on the
coating as a result of the longer exposure time to the plasma and thereby a
more dense coating is produced. As this could not be excluded, only the
samples with a coating thickness below 1 um were considered in further
investigations. The absolute values that were measured are very questionable
as the CSM measurement of the 640 nm thick coating already shows values
above 15 GPa even though it is known the that CSM measurement
underestimated the actual Young’s modulus.

This absolute error is partly assigned to the relative calibration method as the
HOPG Sample presented us values between 15 and 25 GPa (after an initial
calibration at 18 GPa). This already leads to an error of 25%. In addition, the
surface topography of the HOPG was very different (smooth flat flakes)
compared to the structure of the coating, which most likely has an impact on
the contact mechanics between the coating and sample as well.

82



Mechanical characterization of highly curved coated polymer substrates

45

4 —

35 —
= 37
825
o -
= 9

15 /}

1 — -
S A N B LA RLE L NN
0 200 400 600 800 1000 1200 1400
Film thickness [nm]
(@)

35
E 30 —
E -
2 25
__5 -
2 20
- -
S 15 - E
P .  w e

10 — ¥ )

T l T | T | T I T I T ] T
0 200 400 600 800 1000 1200 1400

Film thickness [nm]

(b)

Figure 11. (a) The arithmetic surface roughness (Ra) as a function of the
coating thickness. With increasing coating thickness, the morphology of the
coating becomes rougher. (b) The average Young’s modulus of the samples
as a function of the coating thickness. The thin coatings up to 500 nm show
similar values. The 600 nm thick coating shows a slightly higher modulus
and the 1250 nm coating is 2 times higher compared to the other values.
With increasing roughness, the error in the measurement increases as well.
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In summary, Peakforce QNM offers a way to obtain fast information on both
the surface topography and relative mechanical properties. It has the
potential to measure thin coatings of soft substrates. For absolute
measurements, a calibration sample with similar properties and as well as
similar surface topography is essential to obtain accurate results.

4.3.3 Atomic Force Acoustic Microscopy

Alternatively to PeakForce measurements, Atomic Force Acoustic
Microscopy (AFAM) can be used to analyze the coatings. AFAM setups are
based on contact resonance spectroscopy and are similar to an AFM with the
sample located on a broadband transducer. Whilst PeakForce QNM applies a
sinusoidal vibration to the tip and measures the deflection, AFAM methods
use a transducer to apply a frequency sweep on the sample while the tip is in
contact with the coating [26]. The resonance of the cantilever is measured
and a resonance peak will be observed at the effective tip-sample spring
constant k. k* can be related to the tip and sample properties by [27]
1 1 1

+ 4.7)

k* ksample ktip

ksampie is the spring constant of the sample and k., corresponds to the
spring constant of the tip.

Before deriving the Young’s modulus, we need to take a closer look at the
contact mechanics between the tip and the coating. Using classical Hertzian
contact mechanics, two spherical bodies are in elastic contact with each
other. This is schematically shown in Figure 12a. The contact area can be
described by a circle with radius a. For this description, the spring constant
of the sample and tip can be described by

k, =2M,a (4.8)

Where M, is the elastic modulus of the sample or tip and a is the contact
radius between the tip and the sample. Work of Kopycinska-Miiller et al.
[28,29] showed that the AFM tip, for single nm indentation depths, should be
approximated by a flat punch instead. Additionally, the asperities at the
surface of the indenter influence the contact area as well at indentation
depths in the single nanometer range and should be taken into account. A
schematic representation is given in Figure 12b.
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(@) (b)

Figure 12.(a) Schematic representation of Herztian contact, Both the sample
(gray) and the tip (black) are described by a sphere in pure elastic contact.
(b) Schematic representation of the tip-sample contact as described by
Kopycinska et al. [29]. The tip is described as a cone with a flat punch. At
the top of the flat punch, asperities are present that reduces the actual
contact.

They proposed a modified equation for k., being
1 1 1
Keip  0.611Mypra  A-E*(™.pm

(4.9)

Where A represents the fill factor of the asperities, F represents the applied

1

-1
load, E* is the reduced modulus ((Mi + ) ) and m is the form factor of

s tip
the asperities (m = 0 corresponds to a cylindrical shape and m = 1/3
corresponds to a spherical shape).

Combining Eqg. (4.7) - (4.9) gives us an expression for the effective tip-

sample spring constant k*
1 _ 1 1 1
k*  2Mga  0.611Myp-a = A-E*(A-m).pm

(4.10)

The effective contact radius (a) is determined using a calibration sample.
Within this research, fused silica with a Young’s modulus of 72 GPa [12]
was used. After calibration of the contact radius, the effective tip-sample
spring constant k* was calculated for different loads. Eq. (4.10) was fitted to
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the data and solved for M. The reduced substrate modulus can be converted
into the Young’s modulus E; by
E,=M;-(1-v?) (4.11)

Where v denotes Poisson’s ratio. Figure 13 shows an example of the
development of the tip-sample contact stiffness normalized over the
cantilever stiffness (35 N/m) as a function of the applied load. The filled
markers denote the loading curve and the open markers denote the unloading
curve. The difference between loading and unloading indicates plastic
behavior of the sample. The load of 1400 nN corresponds to a calculated
indentation depth of 4 nm.

7 measurements were performed on both the 300 and 600 nm thick coating.
The tip radius was measured using a reference material (fused silica) and was
23 £ 2 nm. Using the known tip radius, the Young’s modulus was calculated
for the 300 and 640 nm thick coating. The calculated Young’s moduli were
19.2 + 2.3 GPa and 19.2 + 1.5 GPa, respectively. The similar moduli for 300
and 600 nm thick coatings agree to the measurements made with the
PeakForce QNM method. However, the values measured with PF QNM were
approximately 25 % lower.

normalized contact stiffness k*/k

400 600 800 1000 1200 1400
Static load [nN]

Figure 13. An example of the normalized contact stiffness against the applied
load of the tip. The filled markers represent the loading curve and the
unfilled markers represent the unloading.

86



Mechanical characterization of highly curved coated polymer substrates

4.3.4 Nanoindentation on the coating cross-section

Alternatively to indentation in the growth direction of the coating, a cross-
section can be prepared that is directly indented as is schematically shown in
Figure 14a. This requires a high positioning accuracy of the indenter which is
possible using the SPM possibilities of the Hysitron T1 950 Tribolndenter.
This allows us to perform Dynamic Mechanical Analysis (DMA) with a
lateral resolution at the nano-scale. The nanoDMA analysis with a high
lateral resolution provides us with spatial resolved information on the
mechanical properties as well as on the microstructure.

During a DMA analysis, an oscillating force is applied to the sample leading
to an oscillation of several nm into the coating. Based on the response of the
coating, the mechanical behavior of the coating can be characterized. A
sinusoidal stress is applied that can is described at time ¢ by [30]

o(t) = oy sinwt (4.12)

Where g, is the maximum applied stress and w is the frequency of
oscillation. The response of the material in terms of strain (¢) at time ¢ can be
described by

€(t) = €,sin(wt + 6) (4.13)

Where ¢, is the maximum strain and & is the phase lag between applied
stress and measured strain. For purely elastic materials, the reaction of the
material will be instantaneous corresponding to § = 0. For purely visco-
elastic materials, the strain is proportional to the stress rate which causes a

phase lag of § = g As real materials provide both an elastic as well as visco-

elastic reaction, the phase lag lies somewhere between these extreme cases
and is used characterize the material behavior. Both contributions are
quantified by the storage (elastic portion) modulus €, and loss (visco-elastic
portion) modulus ¢;:

€5 = €ysin(9) (4.14a)

€; = €5c0s(9) (4.14b)

The Young’s modulus can be calculated from there by

E= /eSZ + e x (1—v?) (4.15)
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Two different methods were used to prepare a cross-section of the coating.
The first two specimen were prepared using ultramicrotomie. Before
preparation, the specimen was mechanically supported by embedding the
specimen in an Embed 812 Epoxy resin. The resin was cured at 60 °C. The
cross-section was prepared using a UV6 Ultramicrotome (Leica-
Microsystems) with a diamond cutter. The cut was made in water to avoid
scratching as a result of generated particles. The final sample is shown in
Figure 14b. The upper part (indicated with the arrow) was sliced with the
ultramicrotome to create a smooth surface.

The ultramicrotome cut was performed in two directions, one parallel and
one perpendicular to the coating direction. Additionally, a cross-section was
prepared using an ion polisher. More information on this preparation
technique can be found in chapter 2. All cross-sections were analyzed using
nanoDMA mapping and SEM imaging

Supporting Epoxy /

Coating
Substrate 7 mm

(a) (b)
Figure 14. (a)) Schematic representation of the indentation during cross-

section nano-indentation. (b) Sample after preparation. The upper part
(indicated with the arrow) of the sample was used for the analysis.
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(@) (b) (c)

Figure 15. SEM images of the prepared cross-sections. (a) and (b) are
prepared using ultramicrotomie. The white arrow indicate the direction of
the cut. (c) was prepared using the ion polisher.

Figure 15 shows the SEM images of the three cross-sections that were
prepared. (a) and (b) show the cross-sections prepared using ultramicrotomie
under two different cutting angles. The white arrows indicate the direction of
the cut. (c) shows the cross-section prepared using the ion polisher.

The cross-sections prepared using ultramicrotomie show a wave like
microstructure in the coating. The waves are perpendicular to the cutting
direction of the ultramicrotome, which strongly indicates that they are the
results of the sample preparation. It is anticipated that vibrations during the
preparation lead to these small waves. The cross-section made with the ion
polisher shows a perfectly smooth surface without any noticeable
microstructure. The three cross-sections were analyzed using nanoDMA and
the maps of the measured storage moduli are shown in Figure 16. Figure 16a
shows that the mechanical characterization is clearly affected by the
remaining  microstructure  of the cross-section prepared  using
ultramicrotomie. A profile of the storage modulus was taken at the center of
the coating and plotted in Figure 17a. A large variation between
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approximately 10 and 17 GPa is observed, which makes it very difficult to
correctly interpret the data. It should be mentioned that the topological height
of these waves was only 1-2 nm between neighboring minima and maxima.
Even such small structures already lead to such a large error in the
mechanical measurement. The results of the cross-section with the cutting
direction perpendicular to the coating are shown Figure 16b. The effect of
the microstructure is almost invisible. Some slight waviness can be observed
at the left side of the coating. However, the center area shows much less
variation compared to the first sample as can be seen in Figure 17b. All
graphs in Figure 17 have the same vertical scale to provide a good
comparison. Whereas the variation in much less, the average modulus is only
8.9 £+ 0.5 GPa. This is much smaller as expected based on the CSM
measurements.

Storage Modulus [GPa]
12 22
10
18
8
i 14
- 6
4 10
2 6
1 2 3 1 2 3
X [um] X [pm] 2
(@) (b) (c)

Figure 16. The storage modulus map of the three prepared cross-section. (a),
(b) and (c) correspond to the SEM images shown in Figure 15.
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Figure 17. Profiles of the Storage modulus maps (Figure 16) were taken
from the center of the coating. (a), (b) and (c) correspond to the SEM images
shown in Figure 15. All graphs have the same vertical scale for easy
comparison.
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Figure 18 analyzes the profile perpendicular to the coating and shows that
there is no stable value measured at the center of the coating. It is anticipated
that during the cut perpendicular to the coating, epoxy is spread out over the
surface of the coating leading to the formation of a thin epoxy film. The
much lower Young’s modulus of the epoxy leads to an underestimation of
the mechanical properties of the coating.

The last cross-section that is discussed in this section was prepared with the
ion polisher. Figure 16c shows a map of the measured storage moduli. The
smooth surface of the cross-section clearly improves the homogeneity of the
mechanical results. The profile at the center of the coating was shown in
Figure 17c. The average storage modulus of 19.7 + 0.6 GPa is much higher
compared to Figure 17b. This strongly supports the statement that the surface
of the cross-section gets contaminated when performing an ultramicrotomic
cut perpendicular to the coating direction. As the results in Figure 7 already
showed that the main response of the coating is elastic, the storage modulus
is expected to be much higher compared to the loss modulus. The analysis of
the loss modulus confirmed that viscoelastic behavior of the coating is not
significant (Ess < 1 GPa). Eq. 4.15 was used to calculate the Young’s
modulus returning a value of 17.9 £ 0.6 GPa.

10

NI N I N T

Storage Modulus [GPa]

0 1000 2000 3000 4000
Y [nm]

Figure 18. Storage modulus profiles perpendicular to the coating. The two
lines corresponds to the upper and lower line of the modulus map.
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4.3.5 Discussion

Four different indentations methods were discussed in this chapter. As the
results do not always agree with each other, it suffices to say that the
indentation of these films is extremely challenging and should not be
underestimated. Technological developments of both the AFM and nano-
indenter allow us to measure both the mechanical and topological properties
with high spatial resolution. These maps were found to be extremely helpful
while discussing the validity of the results and finding possible error sources.
To compare the different methods, all measurement results on the 640 nm
thick coating are shown in Figure 19. The continuous black line represents
the CSM result. The curve shows a steep drop starting at 20 GPa and already
decreased below 10 GPa within the first 100 nm indentation depth. As part of
the initial 50 nm can be identified as section (a) (see Figure 6), an even
higher modulus would be expected as roughness effects tend to
underestimate the actual modulus [31] due to their reduced contact area.
Combining the sharp decrease and possible roughness effects, an even higher
modulus than 20 GPa is expected solely based on the CSM measurements.

The Peak Force QNM measurements returned the lowest value of 14.2 GPa.
For the Peak Force measurements, it was already concluded that an accurate
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Figure 19. Isolated CSM results of the 640 nm thick coating. The red line
represents the AFAM result. The blue line represent the PF QNM result. The
horizontal black line represents the nanoDMA result on the cross-section of
the coating.
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calibration sample is required to guarantee reliable results. The sample
should not only exhibit similar mechanical properties but also a similar
microstructure.

The results of the AFAM measurements correspond to the initial
measurement values of the CSMs indicating that the advanced model for the
contact mechanics between sample and tip is able to calculate the Young’s
modulus of the coating very well even though the calibration sample (fused
silica) has a much higher Young’s modulus and different microstructure.

The nanoDMA measurements show very good agreement with the AFAM
measurements provided that a sample can be prepared without any remaining
microstructure or surface contamination. The ion polisher proofed to be a
good preparation method for this type of samples. The preparation of the
cross-section has an advantage over the AFAM method for samples with
extremely high surface roughness that may be not well described by the
introduced tip-sample interaction model. Careful selection of the appropriate
preparation method does require additional effort for the cross-section
nanoDMA analysis.

4.4 Conclusions

This chapter introduces a novel method for the measurement of residual
stresses that is applicable for samples with high curvatures. Different error
sources were successfully identified and corrections or estimations of the
resulting error were provided. This setup is especially interesting to measure
external influences of the environment as the setup is relatively small and
very mobile and can be used to measure very small changes in the sample
curvature. Measurement under controlled conditions are extremely
advantageous to allow calculation of the environmental contribution to the
stress. This will be discussed in more detail in the next chapter.

A critical analysis of the Stoney equation is provided and correction terms
are discussed to convert the radius of curvature into the residual stress for the
samples used in this research. A reliable description of the stress requires to
take the effect of the coating thickness and in-plane deformation of the
substrate into account,.
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To summarize this chapter, mechanical characterization of thin stiff coatings
on soft substrates remains a challenging tasks. The technological and
scientific advances over the last years allow very accurate measurements and
improved understanding of the tip-sample geometry. Combining
measurement techniques and the possibility to map mechanical properties
and compare them with microstructural information is considered very
helpful to understand whether measurement are valid and to identify possible
error sources. The CSM measurements were very helpful for coatings above
several hundred nanometer to provide a window of the expected Young’s
modulus. Depending on the possibilities, cross-section nanoDMA or AFAM
measurements could help to quantify the exact modulus. If a proper reference
sample is available, Peak Force QNM is a good and fast method to measure
the coating properties as well.
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Chapter 5

Influence of the carbon concentration
inside the coating on the mechanical
properties and stress formation
mechanisms?®

In practice, residual stresses are unavoidable in material systems with
different thermo-mechanical properties [1]. High residual stresses are,
especially in thick coatings, an important cause for coating failure as a
result of delamination, spalling and cracking of the coating. Coating
failure is well studied in literature [2-5]. To minimize the probability of
cracking or delamination, it is important to have a

1. high coating toughness
2. low residual stress state

3. high interfacial adhesion.

a A part of this chapter is based on the following journal publication:

Michiel Top, Guus Mulder, Nicole Prager; John Fahlteich, Jeff Th. M. De
Hosson, (2018): Effect of humidity on the residual stress in silicon-containing
plasma polymeric coatings. In Surface and Coatings Technology 347, pp.46-53.
DOI: 10.1016/j.surfcoat.2018.04.066.
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As already introduced in chapter 1, these requirements can become more
complicated in multi-layer systems as the interfacial adhesion between
the underlying layers could introduce additional weak point within the
system leading to buckling of the upper layers. Therefore it is important
to reduce the residual stress within multi-layer coating systems.

The residual stress is caused by a combination of different stress
formation mechanisms. It is important to have an in-depth understanding
of the origin of the stress in order to minimize the residual stresses. This
chapter aims at separating the different contributions to the residual
stress state of plasma polymer coatings on polymer substrate deposited in
a roll-to-roll system. The effect of the carbon concentration in the coating
is discussed for the coating dependent stress formation mechanisms.

5.1 Origins of residual stresses in a Roll-to-Roll
(R2R) system

Whereas static deposition is usually well approximated by an isotropic bi-
axial stress distributions in the X and Y direction for all mechanisms,
anisotropy needs to be considered for Roll-2-roll deposited samples due to
the machine direction of the web coater as well as the anisotropic nature of
the PET substrate. The anisotropy of the PET substrate is related to the
production process. The substrate is stretched both along and perpendicular
to the machine direction directly after the extrusion. This leads to non-
isotropic mechanical properties of the substrate [6,7]. Two main directions
are differentiated: Machine Direction (MD) and Transverse Direction (TD),
which are illustrated in Figure 1.

Cy

Figure 1. Residual stresses in a Roll-to-roll system cannot be considered
isotropic. In the further discussion, the Machine Direction (MD) and the
Transverse Direction (TD) are differentiated. The angle ¢ is used to describe
the remaining directions.
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Influence of organic content on mechanical and residual stress properties

Several stress contributions are related to the coating properties and are,
under the assumption of an isotropic coating, acting in all directions [8]:

0 = Ointrinsic + Othermal expansion + Ghygroscopic expansion (5-1)

Ointrinsic covers the processing induced stress related to different coating
formation stages and microstructural development and is closely related to
the growth mechanism. 6¢permai expansion 18 related to the difference of the
thermal expansion coefficient between the coating and the substrate. Thermal
expansion is well scrutinized in literature [9—11] because elevated substrate
temperatures during deposition are often used to improve the functional
coating properties [12—14]. Thermal stress can also lead to device failure for
applications were the sample is exposed to large variations in temperature
(e.g. building integrated photovoltaics). Opygroscopic expansion 15 related to
stress induced by changes in the relative humidity when the substrate and
coating have different coefficients of hygroscopic expansion. Unfortunately,
only scant information is available on the hygroscopic expansion of thin
plasma polymer coatings [8] even though it is known that water vapor leads
to volumetric changes [15,16] of polymeric materials and may cause device
failure [17].

The hygroscopic and intrinsic stresses will be discussed in section 5.5 and
5.6. Section 5.7 will shortly introduce the thermal expansion and discuss the
challenges to obtain reliable information on the thermally induced residual
stress.

Residual stress for coatings deposited in a roll-to-roll process contain
additional components in MD and TD, which are described by

OMmp° = Ointrinsic + Othermal expansion + Uhygroscopic expansion +
(Gweb tension + O_viscoelasticity) + Ocurved deposition (5-2)

and

OTp = Ointrinsic + Othermal expansion + Jhygroscopic expansion ~—

U * Owep tension (5-3)

Oweb tension 15 Induced by the applied web tension and leads to elongation of
the substrate along MD and contraction (v represents Poisson’s ratio of the
substrate) of the substrate along TD. Oyiscoetasticicy 1 related with
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viscoelastic deformation of the substrate during storage. 0cyrved deposition 18
related to the curved state of the substrate during the deposition. These
contributions will be discussed in section 5.3 and 5.4.

Mathematical description of the deflection field

As the stresses in the MD and TD are both significant, the forces will add up
and lead to a resulting curvature that is measured. The displacement field for
a sample is described by

WX, Y) = % (aX?+bY?) (5.4)

were W describes the deflection at the coordinates X and Y. a and b represent
the radius of curvature in X and Y direction. Choosing X and Y parallel to
MD and TD generally leads to non-zero values of a and b. As the substrates
cannot bend in both directions, the maximum curvature of the sample will be
somewhere between the MD and TD directions at an angle ¢ as is
schematically shown in Figure 2. Because Masters et al. [18] showed that
non-linear terms in the stress can only be neglected for samples when a — 0
or b = 0, we need to rotate our coordinate system with ¢° to make sure that
a or b becomes zero before we are able to calculate the stress using Eq. (4.5).
The deflection field for the highly curved samples in this research can be
described by

WX,Y) = %r (Y")? (5.5)

after rotating the system of coordinates by ¢°. W is the deflection and r is
the radius of curvature in the Y~ direction. The curvature in X~ direction is
zero. The rotation of the coordinate system is schematically illustrated in
Figure 2. Both ¢ and r can be measured experimentally. The circle indicates
the specimen used for the measurement and the dashed lines indicate the
direction without curvature. The radius of curvature to calculate the stress
will be evaluated along the Y’ -axis.
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AY (TD)

> X (MD)

Figure 2. Schematic representation of the system of coordinates chosen for
the stress calculation. X and Y correspond to the machine direction (MD)
and the transverse direction (TD), respectively. X" and Y” denote the rotated
system where the specimen shows no curvature along X".

Experimental parameters.

Several publications discuss the relationship between deposition process
parameters and the residual stress of silicon-containing plasma polymer
coatings. Unfortunately, the complexity of the stress formation mechanism
leads to a limited understanding [19,20]. Even a comparison of results among
publications in literature that focus on the stress formation in PECVD
deposited coatings using HMDSO and oxygen is difficult due to the
interdependencies of the process parameters as will be further explained in
section 5.6. To isolate the effect of the change in Oxygen-to-HMDSO ratio,
the sample analyzed in this chapter are deposited under constant HMDSO
flow, power and pressure. The constant HMDSO flow provides similar
deposition rates (between 281 and 346 nm-m/min). Choosing the web speed
appropriately, coatings of 500 and 1000 nm were deposited for Oxygen-to-
HMDSO ratios of 3, 6 and 10. The pressure was kept constant by reducing
the pumping speed when the oxygen flow was reduced. The variation in the
oxygen flow could not be extended any further as we were not able to
maintain the same pressure (2.7 Pa) during the deposition with higher or
lower oxygen flow due to the limited range of pumping speed. The
remaining process parameters can be found in Table 1. It has to be mentioned
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that even though the total pressure remains the same, the partial pressure of
oxygen as well as for the HMDSO fragments changes. However, these
parameters were not accessible within the web coater and are therefore not
considered. During variation of the oxygen flow, the applied web tension
was kept constant at 80 N. The web tension was varied in section 5.4 to
determine the effect of the applied web stress whereas the oxygen flow was

kept constant at 200 sccm.

Table 1. Overview of the experimental process parameters used for the
deposition of the coatings in this section.

Process parameter Range
Web coater labFlex® 200
Web speed 0.56-0.64 mt/lrlrll(l:rlz rf:i(; nm coating
Cooling drum temperature Room Temperature
Argon Flow 200 sccm + 70 sccm through the
hollow cathode
Web tension 50-80-140 N
HMDSO flow 50 scem
Oxygen flow 150-600 sccm
Process pressure 2.73 £0.05 Pa
HC Discharge Current / Voltage 150A/13.8-147V
BA Discharge Current / Voltage 95A/214-219V

5.2 Chemical and Mechanical characterization

A brief overview of the chemical (EDS), topological (SEM/AFM) and
mechanical (CSM/AFAM) properties is provided before the individual stress
mechanisms are discussed. The results of the EDS analysis are listed in
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Table 2 and show that the oxygen to silicon ratio in the coating increases as
expected whereas the carbon concentration in the coating decreases. Even the
sample with the highest oxygen flow has 1.6 times more carbon compared to
silicon in the coating, which indicates that all coatings have a significant
organic fraction and are not directly comparable to SiO,. The surface
roughness for the 1000 nm thick coatings decreases slightly from 3.8 to 3.3
nm with increasing oxygen flow.

Figure 3 shows the microstructure of the three 1000 nm thick coatings. From
top to bottom, the samples that were deposited with (a) low, (b) medium and
(c) high oxygen flow are displayed. The micro-crack is analyzed under an
angle of approximately 45° to obtain information on both the surface
microstructure (upper part) and the cross-section (lower part) after crack
formation.

The coatings look very similar. All samples show a cauliflower like surface
topography. For the sample with low oxygen flow, the microstructure at the
surface seems to be more compressed whereas the sample with high oxygen
flow looks more porous. Looking at the cross-sections of the three coatings,
it was found that the approximately 100 nm at the top of the cross-section for
all coatings show a columnar structure that represents the features at the
surface indicating a columnar structure. However, below these 100 nm, all
coatings show a dense and (within the resolution of the microscope) pore-fee
bulk material.

Table 2. Overview of the Chemical composition (EDS), surface properties
(AFM) and mechanical properties (AFAM).

02:HMDSO O/Si C/Si Surface Young’s
ratio [-] [-1 [-] Roughness [nm] modulus [GPa]

3 1.5 2.8 3.8+0.1 193+ 1.8

6 1.9 2.4 3.8+0.1 18.6 +1.7

10 2.1 1.6 34+0.2 21.0+1.5
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(©

Figure 3. SEM micro-crack images of the 1 um thick coating with Oxygen-
to-HMDSO ratio of (a) 3, (b) 6 and (c) 10. The edge of the crack is
positioned in the middle of each image. The upper part represents the
surface of the coating and the lower part displays the microstructure of the
cracked coating.
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Figure 4. Continuous stifness measurements of the three coatings measured
on the 1000 nm thick coatings. Within experimental error, no significant
changes are visible.

The qualification of different techniques for mechanical characterization has
been discussed in chapter 4. As shown, a combination of different methods
proved the most reliable way to characterize the coatings. In this chapter, a
combination of Continuous Stiffness Measurements (CSM) and Atomic
Force Acoustic Microscopy (AFAM) was used. CSMs were performed on all
three coatings with identical (1000 nm) thickness to narrow down the range
of expected moduli as well as to obtain information on the difference
between the different coatings. Figure 4 shows the measured Young’s moduli
as a function of the indentation depth. All curves immediately descent from
the beginning and approach the Young’s modulus of the substrate within the
first 500 nm. Within experimental error, no significant differences are
observed between the coatings indicating similar Young’s moduli. All
coatings show initial values around 12 GPa and decrease towards the
Young’s modulus of the substrate. This indicates that the Young’s moduli of
the coatings are very similar and have values above 12 GPa.

Exact quantification was done using AFAM and the measured values were
shown in Table 2. These measurements agree that there is no significant
difference between the coatings. The value of 20 + 2 GPa lies within the
range of expected moduli based on the CSM and is assumed to be a good
approximation for the calculation of the residual stress.
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The similarity in the moduli was unexpected as theory usually states that the
Young’s modulus increases with decreasing organic content. This indicates
that the more inorganic coatings may have a slightly higher porosity. This
will be further discussed in section 5.6 when discussing the intrinsic stress.

5.3 Curved deposition

The first contribution towards the residual stress that is related to the
deposition geometry iS Ocyrped deposition - 1his part is related to the residual
strain caused by the curved state of the substrate during deposition.
€curved deposition 18 @ function of the process drum radius and the substrate
thickness and is given by [21]:

_ dsubstrate"'dcoating ( 1+277+X7]2 ) (5 6)
@+m)(1+xm) '

2 T'process drum

In this equation, dgpsirqte 1S the substrate thickness, r is the radius of

Efitm

curvature, N = dfjym/dsupstrate and Y = . For values of n « 1 and

Esubstrate

X < 10, the second part of the equation approaches 1 and Eq. (5.6) can be

well approximated by
€ = dsubstrate (57)

2 Tprocess drum

For a 75 um thick PET substrate in the labFlex® 200, the elongation due to

the curved substrate equals 0.015 %. Using Hooke‘s law, the stress

contribution is estimated around 3 MPa which is almost negligible.

5.4 Web tension and viscoelastic deformation

The stress contribution that is unique for roll-to-roll processes is G,ep tension
and it is related to the externally applied tension to the substrate during the
coating process. The applied web tension is induced by application of an
angular momentum on the unwinder against the web direction and the
application of an angular moment on the winder in the direction of the web.
This is schematically shown in Figure 5. The applied angular momentum
presses the substrate against the process drum. Since the web speed is
controlled by the rotation of the cooling drum, a minimum web tension is
required to ensure that the friction between process drum and web is high
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enough to avoid slip movement between the drum and the substrate. The web
is not supported between the winders and the process drum leading to
elongation of the web in the machine direction and contraction in the
transverse direction as the applied web tension is fully exerted on the web.
Under constant web speed, the stress exerted on the web is the same as the
web tension that is set in the process parameters and will be represented by
E,,. During acceleration and de-acceleration, the forces increase or decrease,
respectively. This thesis is limited to the situation of constant web speed as
this represents the situation during the deposition of functional coating
material.

Increasing the web tension does not only deform the substrate [22] but also
improves the mechanical contact between the substrate and the process drum.
The increased contact improves the heat transfer coefficient (See Chapter 2)
and thereby reduces the temperature of the substrate. Higher web tension
may be required for thermally sensitive substrate or during processes with a
high thermal load.

T Unwinder

Process drum

Figure 5. Schematic representation of a simple web path. The unwinder and
winder exert an angular momentum to keep the web under tension. The
resulting force F,, leads to elongation of the web between the winders and
the process drum. The minimum web tension is required to press the
substrate against the process drum and guarantee sufficient friction between
the substrate and process drum to avoid any slip of the substrate.
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1. Free substrate

o /E

2. Substrate under applied web stress
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3. Free-standing coating «>
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4. Compressed coating at strained substrate
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5. Compressed coating at substrate
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Figure 6. Schematics of the residual strain in the coating during the different
stages of the deposition process. Based on [23].

Straining the substrate during the deposition leads to a mismatch in the strain
of the coating and the substrate. The formation of residual strain in the
coating during the different stages of the deposition is schematically
presented in Figure 6. Initially, the substrate is in the unstrained position
(step 1). During the winding process, the applied web stress leads to an
elongation of the substrate (step 2) of g;/E with g being the applied web
stress and E; is the Young’s modulus of the web. Step 3 describes a fictive
stage were the coating is grown as a free-standing coating without any
residual strain (e, = 0). After the coating is deposited to the substrate
(step 4), the coating possesses a residual strain equal to the intrinsic strain
(€c = €intrinsic)- Figure 6 demonstrates the case for compressive intrinsic
strain of the coating. The substrate contracts after of the web tension is
removed (step 5) increasing the residual strain of the coating. Depending on
the ratio of the Young’s modulus and thickness of the coating and substrate
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mn =h./hs; and y = %), part of €, will relax due to in-plane deformation of

the substrate as was described in section 4.2. This effect is taken into account
by adding the term 1/ 7.

The calculations made in this thesis do not include any contributions of the
mismatch in the thermal expansion coefficients of the coating and the
substrate. More information on the contribution on thermal effects can be
found in the original model developed by Huang et al. [23,24]. They
performed an extensive discussion on the temperature dependent Young’s
modulus of polymer materials. For PET, the Young’s modulus can be well
approximated using a temperature independent Young’s modulus between 20
and 60 °C, which is the presumed temperature domain during the deposition.
Assuming no significant thermal effects due to the change in web tension, we
can keep all other parameters constant. Following the stages described in
Figure 6, the residual strain in the coating can be calculated using
compatibility of strains [25] and is described by

Os
Ec'hc'E_S + heOintrinsic

¢, = (5.8)

Eshs+Eche
In this equation, h, and h, represent the thickness of the coating and
substrate and E,. and E; represent the Young’s modulus of the coating and
substrate, respectively. 0,srinsic describes the intrinsic stress in the coating.

As there is no information available on the intrinsic stress in the coating, a
reference position with an applied web tension oy, and corresponding
residual strain €., was measured. Assuming that all other contributions
remain the same, this allows us to predict the change in €, under variation
of g;. Rewriting Eq. (5.8) provides us with the following description of the
residual strain:

Acs(@)
Eche=F = 1

=—"5s +e
Eg-hg+Ec-he 1+xn €,0s0

€c (5.9

Where €. 4 is the residual strain of the coating at the reference position and

Agg is the difference in the applied web stress and the web stress at the
reference position.

The residual strain of the coating cannot be measured directly. Therefore, the
residual strain is calculated from the curvature of the specimen. The residual
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strain in a thin coating on top of a relatively thick substrate with a radius of
curvature equal to R can be described by [21]

__ hgthe [ 1+2n+xn? o/ _ hsthc
€= "ok ((1+11)(1+)m)) *100% = 2R Kk (5.10)

The symbol K is used to improve the readability of the next equations.
Combining Eq. (5.9) and Eq. (5.10) gives us:

E h Aos(9)
hg+he _ et g 1 hg+he K

2Rpgg+0y Eghg+Eche 14xm — 2Rg,

(5.11)

Eq. (5.11) allows us to predict the radius of curvature for samples with
different applied web stresses provided that one reference measurement is
available. Additionally, it can be used to calculate the curvature at g, = 0. As
was discussed in section 5.1, the maximum radius of curvature is not always
in the machine direction. Therefore, the change in curvature will only
experience one component of the reduced applied stress as well as a
contraction in the transverse direction. For samples were the maximum
curvature is measured under an angle (¢), the corrected force under an angle
@ is given by
Ao (¢) = (cos(p) — v - sin(g)) - Aas(0). (5.12)

Table 3. Used parameters of the deposited coating and for the substrate

Parameter Values Melinex 401 CW
Web width 220 mm
hg 75 um
E, 3.6 GPa (MD) /4.6 GPa (TD)
Poisson ratio 0.35
h, 454 nm
E, 20 GPa
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Table 4. Relevant machine parameters for the LabFlex 200.

Parameter Values in the labFlex® 200
Radius Process Drum 25 cm
Standard Web tension/stress 80 N /3 MPa
Web width 220 mm

Further calculations and experiments on the effect of the applied web stress
and the resulting elongation and coating stress are performed in the labFlex®
200 using a Melinex 401 CW PET substrate. The important machine and
substrate parameters are provided in Table 3 and Table 4, respectively.

Figure 7 shows the predicted deformation of the substrate as a function of the
applied web stress assuming linear elastic deformation. The solid line shows
the elongation of the substrate in machine direction (MD). The dashed line
shows the increasing contraction with increasing web stress. The vertical
dotted line represents the standard settings used for experiments in this
research. The markers represent the additional values tested to evaluate the
effect of the applied web tension on the coating. The minimum value of 3
MPa (50 N) was the limit to guarantee sufficient heat dissociation and the
maximum value of 8.4 MPa (140 N) was due to the machine specifications.

0.25

Illll]lll

|

3
Ill

0 2 4 6 8 10
Applied web stress [MPa]

Figure 7. Calculated elongation of the substrate in MD and contraction of
the substrate in TD as a function of the applied web stress for a Melinex 401
CW substrate.
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N 4 W

Figure 8. The left images shows the out-out winding configuration whereas
the right image shows the in-in winding configuration. The substrate is
coated at the bottom.

As the substrate is stored in a bended position before and after the
deposition, visco-elastic deformation may lead to curvature of the substrate.
To correct for any visco-elastic deformation during storage of the substrate
before deposition as well as the coated substrate after deposition, two
deposition experiments were performed with different winding paths shown
in Figure 8. In both experiments, the same variation of the applied web stress
between 3 and 8.4 MPa was tested under constant plasma process
parameters. Both visco-elastic effects before and after the deposition
contribute in compression towards the intrinsic stress in the first geometry,
which is referred to as Out-Out. The second geometry, which is referred to as
In-In, is chosen such that the visco-elastic effects contribute tensile toward
the intrinsic stress.

The result of the experiment is shown in Figure 9. The horizontal axis shows
the applied web stress in MPa and the vertical axis shows the measured
radius of curvature in mm. The black squares present the experimental results
and the red lines predict the theoretical change based on Eq. (5.12). As
reference position (€ g, ), the average of the two measurements at 4.8 MPa
was taken. Figure 9a shows the result of the samples measured in the
Out-Out configuration. The measured results show good agreement with the
theoretical prediction and the radius at o, = 0 lies at 47.9 mm. For the
samples deposited in the In-In configuration, the theoretical description
shows good agreement with the experimental data with increasing web
tension. The curvature of the sample with low web tension is 6.4 mm lower
compared to the theoretical prediction. Small thermal wrinkles were
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observed at this sample indicating that the low applied web tension was not
high enough to provide sufficient cooling of the substrate during this
deposition run. Assuming that the theoretical model provides good
agreement if sufficient cooling is available, the radius of curvature at g, = 0
corresponds to 53 mm.
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Figure 9. The measured radii of curvature are plotted as a function of the
applied web stress for the (a) Out-Out configuration and the (b) In-In
configuration. The red line predict the theoretical change. As reference, the
averages value of the two measurements at 4.8 MPa was taken in both cases.
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The larger radius (i.e lower residual stress) for the In-In configuration is in
agreement with the visco-elastic change counterworking the residual stress.
The radii of 47.9 and 53 mm correspond to residual stresses of 261 MPa and
236 MPa. Assuming that the effect is equal in both directions, the actual
stress is 248 MPa. This indicates that the visco-elastic deformation, in this
case, causes an error of 5% of the total residual stress.

The effect of visco-elastic deformation is specific for this deposition system.
Additional parameters like storage-time, bending radius during storage and
winding tension will play an important role towards the visco-elastic
deformation. A detailed investigation is almost impossible as the storage
times and storage conditions between production, slitting and delivery are
usually not available. A dedicated investigation is required were detailed
information on the visco-elastic contribution is necessary.

Validity of the web tension model

The theoretical predictions of the web tension model show good agreement
with the experimental results. However, the samples were only tested in a
very limited range of web tension and deposition parameters. To check
whether the validity of the model can be extended, an additional experiment
with magnetron sputtered aluminum (113 nm thickness, E, = 69 GPa) was
deposited on a 23 um thick PET substrate (Mylar, DuPont). Due to the
smaller thickness, the range of applied web stress was much broader
(between 8 and 24 MPa). € 5 was calculated at an applied web stress of 20
MPa. The result is shown in Figure 10. The black dots represent the
measurements and the red line shows the theoretical prediction. Due to the
larger range of applied web tension, the 1/0; tendency becomes more
apparent. The theory and measurements show good agreement even though
the measurements at lower applied web stress are slightly underestimated.
This may be due to the nature of the 23 um substrate that easily deforms
under lower curvature and may lead to slight deformation of the sample.

To conclude, the good agreement in the two very different bi-layer systems
and wide range of applied web stresses indicates that the theoretical
description is a good approximation to calculate the influence of the applied
web stress on the residual stress in roll-to-roll coated samples.
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Figure 10. The measured radii of curvature are plotted as a function of the
applied web stress. The red line predict the theoretical change. As reference,
the measurement at 20 MPa was taken

Effect of web tension on the angle ¢.

Additionally to the radius of curvature, the angle ¢ (see Figure 2) was
studied to obtain a better understanding on the origin of the direction where
maximum curvature occurs. Figure 11 shows the angle ¢ as a function the
applied web stress for the coating deposited in the (black squares) In-In and
(red dots) Out-Out configuration. Within each series, a small variation is
observed which is related to the larger contribution of the applied web stress
in the machine direction. For both series, the angles are decreasing with
increasing web stress indicating that the stress in MD becomes larger as was
predicted by Eq. (5.2) and (5.3). More interesting is the comparison between
the In-In and Out-Out configuration which shows a change of sign when the
angle ¢ is calculated with respect to the machine geometry. However, it
should be considered that the back-side of the PET substrate is coated when
changing the web path configuration from In-In to Out-Out. The change in
signs strongly indicates that the angle is largely influenced by the anisotropy
nature of the substrate. The blue triangles in Figure 11 show the same angles
for the Out-Out configuration but calculated with the reference system
chosen in correspondence with the substrate. The deformation at positive
values of ¢ was understood by measuring the Young’s modulus at ¢ = 45°

and ¢ = -45° with respect to the substrate geometry (i.e. the black dots and
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the blue triangles). The modulus at 45° was 3497 + 17 MPa whereas the
modulus at -45° corresponds to 5030 + 218 MPa. The lower modulus at 45°
shows less mechanical resistance and becomes the preferred direction for
deformation.

Even though the black squares and blue triangles show the same slope, the
absolute values have an off-set of 26 + 3°. No clear explanation was found
for this off-set. However, the complexity of the anisotropy related to the bi-
axial deformation process during production of the PET requires a numerical
model with extensive knowledge of angle-dependent Young’s modulus,
which is out of the scope of the thesis.

As a final note, the coating deposited with 3 MPa applied web stress in the
In-In configuration shows a higher stress, which was earlier related to a
thermal effect. As the thermal effect is an isotropic effect this does not lead
to a shift in the angle, which agrees with the measured results.
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Figure 11. The measured angle ¢ is shown as a function of the applied web
stress. The In-In and Out-Out configuration are marked by the black squares
and red dots, respectively. The blue triangles represent the same
measurement data as the red dots. However, the reference system was
chosen according to the substrate instead whereas the red dots were
calculated according to the deposition geometry.
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5.5 Hygroscopic expansion of thin films

One of the stress contributions that is often ignored is the residual stress
related to the difference in hygroscopic expansion of coating and substrate.
Hygroscopic expansion induces, similar to the thermal expansion, a residual
strain into the layer system due to a mismatch in the coefficient of
hygroscopic expansion (CHE) of the coating and substrate. Even though
several authors mention that hygroscopic expansion is significant and should
be considered, scant literature is available that provides material properties
related to hygroscopic expansion. Some research was executed on the
hygroscopic expansion of silicon nitride and silicon oxide on a polyimide
substrate [8,18]. It was found that silicon nitride coatings contract with
increasing humidity whereas silicon oxide expands. For the latter case a
hygroscopic expansion coefficient of 53 = 55 10" (% r.h.)"! was found with a
rather large experimental error. In this section, we introduce curvature
measurements under controlled humidity at constant temperature (room
temperature) and use the change in radius to calculate the coefficient of
hygroscopic expansion for the coatings presented in section 5.2.

Calculation of the coefficient of hygroscopic expansion

This section explains the quantification from the measured radius to the
coefficient of hygroscopic expansion. Changing the relative humidity
induces a change in the mismatch strain, which can by described by:

€p2 — €p1 = (Bs = Bc) * (P2 — 1) (5.13)

In this equation €4; represents the mismatch strain at ¢; % r.h.. B and B,
represent the coefficient of hygroscopic expansion on the substrate and
coating, respectively. The residual strain can be calculated from the radius of
curvature based using Eq. (4.5) as was described in section 4.2. Converting
the residual stress into strain using Hooke’s law gives us:

1-v, EghZ 1 hc( E. 1 1
€ = — 1+—=(4=—-1 —— =
1-2 1-vg 6Ech, (1+M) + he \ " E R, Ry

hsEs(1-v¢)

1
Ry

—C(

R—ll) (5.14)

Were R; and R, and the radius of curvature at ¢p; and ¢, % r.h.. The factor
C is introduced to improve the readability of the equations. C is a specimen
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depending parameter that depends only on coating and substrate properties
and is independent of any environmental parameters. Eq. (5.13) and (5.14)
can be combined to:

1 1 (ﬁs‘ﬁc)
(7)) =—2F2 @2~ 1) (5.15)
Nz:D(j — —
——  Backlight
I: Specimen holder Camera
[ ™
—r— w—

Figure 12. Schematic representation of the setup used for measurement of
the CHE. The dark box represents the specimen holder with (directly left)
the back light. The camera is located at the right.
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Figure 13 Schematic representation of the relative humidity as a function of
time. (1) indicates the zone were the relative humidity is ramped up. (2) is
the zone were the sample is relaxed and checked for any time-delayed effects.
The relative humidity is ramped down in zone (3) and any time-delayed
effects are again checked in zone (4).
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Plotting the experimental data as 1/R against ¢ yields a linear relationship

with the slope equal to _(ﬁs;i. Eq. (5.15) can be used to calculate the

coefficient of hygroscopic expansion of the coating provided that the
hygroscopic expansion coefficient of the substrate is known.

Measurement of the coefficient of hygroscopic expansion

The measurements were performed with the setup described in chapter 4.
The relative humidity was controlled by placing the measurement setup in a
closed box (Aldrich® AtmosBag, Sigma Aldrich) as schematically illustrated
in Figure 12. The relative humidity was controlled using nitrogen gas. The
direct inlet of dry nitrogen reduced the relative humidity. The relative
humidity was increased by feeding the nitrogen through a water reservoir
before letting it into the chamber. Small holes made for the electrical
connectors of the camera and backlight as well as an additional hole were
sufficient to vent the bag and to avoid changes in pressure over time. The
humidity and temperature in the chamber were monitored using an Extech
RH30 hygro-thermometer. The error in the relative humidity was = 4%
according to the specifications of the manufacturer. This setup allowed us to
control the humidity between 20% and 70%.

Chapter 4 identified three different error sources (specimen variation,
mounting and calculation error). It is important to minimize the error as the
hygroscopic change only induce small changes in the radius. Eq. (5.15)
showed that only the change in radius, i.e. the slope of the curve, is relevant
for the calculation of the CHE. Therefore, within each measurement series,
one specimen was located on top of the specimen holder and remained
untouched during variation of the relative humidity. This allowed us to rule
out any errors due to specimen variation as well as errors due to mounting.

In preliminary experiments, the nitrogen flow was varied to check the
response time of the coatings due to the change in humidity. A schematic
representation of the relative humidity as a function of time is given in
Figure 13. First, the sample was positioned at the sample holder and the box
was conditioned at a relative humidity of approximately 25%. Section (1)
(see Figure 13) represents the ramp up of the relative humidity and took
approximately 45 minutes. In section (2), the humidity was kept constant and
the radius of curvature was constantly monitored to see if any time-delayed
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Figure 14 Experimental data of the 500 nm thick coatings with (a) low
oxygen flow and (b) high oxygen flow. The y-scale represents 1/R in mm for
both pictures. The scale is shifted due to the difference in residual stress. The
filled symbols were measured under increasing relative humidity and the
open symbols were measured while decreasing the relative humidity. The
continuous and dashed line shows the least square linear fit of all data points
for increasing and decreasing relative humidity, respectively.
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effects could be observed. The humidity was decreased during section (3).
Section (4) was again used to check for any hysteresis effects similar to
section (2). As the humidity control was done manually, small deviations
from this graph cannot be excluded. A curvature change upon a change in
humidity was observed instantaneously. The curvature was monitored during
the 15 minute period at constant humidity to check for any delay in the
expansion effects. As no change in curvature was observed during these 15
minutes it was concluded that the reaction took place within the time-frame
of the experiment. The time-scale agrees with results from Buchhold et al.
[27] who showed that the absorption of water in 10 um thick PI films from
dry condition to 98% r.h. occurs within 10 minutes. The experiment as
described in Figure 13 was performed for two different specimens, which
were measured both in the convex and concave position. This allowed us to
calculate eight slopes for each sample and the average was used to calculate
the coefficient of hygroscopic expansion.

Figure 14 shows 1/R against the relative humidity for selected specimen with
low (a) and high (b) oxygen flow. For clarity, only one of the specimens is
shown in the graph. The results that are shown are similar to the results
measured with other specimen. The horizontal axis represents the relative
humidity and the vertical axis represents 1/R in mm™. The vertical axis is
shifted between the two pictures due to the difference in the residual stress of
the specimen. The absolute height of both vertical axis is identical (0.003
mm') for both pictures. In all specimens, the radius of curvature decreases
with increasing humidity. The filled symbols were measured while
increasing the relative humidity whereas the open symbols were measured
while decreasing the relative humidity. The continuous and dashed lines
represent the least square fit of the data measured during increase of decrease
of the relative humidity, respectively. The measured change in radius is
clearly reversible and was found to be similar for different specimens and for
measuring in concave and convex mode. The relation between 1/R and the
relative humidity can be approximated by a linear function as was expected
from Eq. (5.15). Some nonlinearities are visible but these were mainly
related to a measurement error. The least- square fits in Figure 14a align
almost perfectly for increasing and decreasing humidity. In Figure 14b, the
dashed line lies slightly lower compared to the continuous line. The
difference lies within the measurement uncertainty and is not systematic. A
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higher offset on measurements at decreasing humidity has been observed as
well for other specimen. The slopes of both linear fits, which are used to the
calculation of the expansion coefficient, are very similar and therefore this
effect was not further considered. It is clear that the slope of the specimen
with the inorganic coating is higher compared to the slope of the organic
coatings indicating that there is a measurable difference between the two
coatings.

Influence of the carbon concentration on the coefficient of
hygroscopic expansion

Fitting the slopes allowed us to calculate the coefficient of hygroscopic
expansion using Eq. (5.15). C (in Eq. 5.15) is the same for all 500 nm thick
coatings because the mechanical properties are the same and has a value of
11.4 £ 0.2 m/MPa. Figure 15 shows the results with the Oxygen-to-HMDSO
ratio on the horizontal and the CHE (f.) on the vertical axis. The (black)
squares represent the 500 nm thick coatings whereas the (red) dot represents
a specimen with 1000 nm coating thickness. The organic coating shows the
lowest expansion coefficient with 19.5 + 1.4:10° (% r.h.)"!. Increasing the
oxygen flow also increases the hygroscopic expansion coefficient up to
29.2+2:10° (% r.h.)! for the coating with the Oxygen-to-HMDSO ratio of
10.
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Figure 15. CHE (f.) in dependence of the O,/HMDSO ratio in the plasma
for 500 nm thick layers on PET (black squares). The red dot denotes the
sample with a 1000 nm thick coating.
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The effects of the coating thickness was checked by measuring an additional
specimen with a 1000 nm (instead of 500 nm) thick coating (Oxygen-to-
HMDSO ratio: 6). The radius of the 1000 nm coating was 35 + 5 mm
compared to 75 £ 5 mm for the 500 nm coating. The CHE of
2.45+2.9-10° (% r.h.)! corresponds to the CHE of the thinner coating
2.54+ 2.1 -10° (% r.h.)"! within the experimental error. This confirms that
the model corrects for the thickness effect of the coating and that the CHE
does not depend on the coating thickness within the accuracy of our
measurement.

5.6 Intrinsic stresses

Several publications discuss the relation between deposition process
parameters and the residual stress of silicon-containing plasma polymer
coatings. A brief overview of the available literature on PECVD processes
with HMDSO and Oxygen is provided below.

Several groups used RF-Plasmas for the deposition of silicon-containing
plasma polymers without additional heating of the substrate. Zajickova et al.
[26] investigated the oxygen to HMDSO ratio for thick (> 1.5 um) coatings
on PC and measured tensile stresses for inorganic coatings and compressive
stresses for organic coatings. They were able to deposit stress free layers
with Oxygen-to-HMDSO ratios of 7.5 for a variety of applied plasma
powers. Chaiwong et al. [27] observed faster spontaneous delamination of
coatings deposited with an Oxygen/HMDSO plasma compared to coatings
deposited with an Argon/HMDSO plasma without mentioning further details.

Liao et al. [28] relate the composite parameter (HMDSO/O,)/Plasma power
to the residual stress. They mainly observed compressive stresses that
increased for lower values of the composite parameter. They observed low
tensile stresses for high values of the composite parameter. This corresponds
to Hegemann et al. [29] who found an increasing compressive stress with
increasing power and increasing oxygen to HMDSO ratio. In addition, they
observed a reduced compressive stress for higher deposition pressures.

This brief summary shows that several research groups worked on the
relation between process parameters and residual stress. Even though some
common tendencies were observed, the stress formation mechanism is still
not completely understood and further experiments are still necessary. Most
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research groups focus on RF plasmas. It is likely that the usage of a DC arc
discharge plasma source has an effect on the stress formation mechanisms as
well as it was shown that the RF frequency has an effect on the stress
formation mechanism [30] as well.

The intrinsic stress in the coating was measured as described in chapter 4.
Figure 16 shows the residual stress as a function of the Oxygen-to-HMDSO
ratio. The measurements were performed at room temperature and low
relative humidity (< 25%) to avoid for any environmental contributions. The
(red) squares and the (blue) circles represent the coatings with a thickness of
500 and 1000 nm, respectively. The negative stresses mean that all coatings
experience compressive stress. The 1000 nm coatings tend to have a slightly
higher stress compared to the 500 nm coatings. A decrease of the residual
stress (500 nm thick coating) from 240 MPa down to 102 MPa is observed
with increasing oxygen flow. This corresponds to a reduction of 58% and is
mainly contributed to a change in the intrinsic stress as all other mechanisms
were found to have a much smaller impact. The observed trend corresponds
to the observation by Zajickova [26] even though we observed compressive
stresses for all our samples whereas Zajickova already observed tensile
stresses for Oxygen-to-HMDSO ratios above 7.5. This could be explained by
Hegemann’s observation that coating stresses become more compressive if
deposited at lower pressure. Zajickova had a pressure between 1.2 Pa (for
very low oxygen flows) up to 43 Pa (for high oxygen flows). Based on the
data provided by Zajickova, the pressure in the deposition chamber during
the deposition of coatings with tensile stresses was above 15 Pa whereas the
pressure in our experiments was kept constant at 2.7 Pa.

Table 5 gives an overview of the experiments mentioned in the earlier
presented literature on the change in residual stress with increasing oxygen
flow. Increasing the Oxygen-to-HMDSO ratio can lead to both increase and
decrease in the residual stress. As we observe a decrease in the residual
stress, it is tending to take a closer look at the changes in the chemical bonds
present in the coating in order to explain the difference between the different
groups. FTIR-ATR measurements were performed on the 1000 nm samples
to avoid any absorption of the substrate.
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Figure 16. Measured residual stress as a function of the Oxygen-to-HMDSO
ratio for the (red square) 500 nm and (blue dot) 1000 nm thick coatings. The
negative values indicate that the coatings show compressive stress.

Table 5. Literature overview of publications were the relation between
Oxygen-to-HMDSO and the residual stress were investigated. - indicates
that there was no information available. The last row represents the results
obtained in this chapter.

Oxygen- Oxygen HMDSO Power Pressure Stress Source
to- flow Flow

HMDSO
1 1 Cst. Cst. 1 l [26]
1 1 Cst. Cst. - 1 [28]
1 Cst. ! Cst. - 1 [28]
i i - T T 1 [29]
0 0 Cst. Cst. Cst. l

Similar to the coatings in Chapter 3, a large peak between 1100 and
1000 cm™ was observed, which is mainly assigned to Si-O-Si asymmetric
stretching and Si-O-C rocking [31-34]. Increasing the oxygen flow shows a
drastic increase in the number of Si-O-Si and Si-O-C bonds. A small peak
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shift is visible from the SiO, layer that goes to lower wavenumbers as the
layer becomes more organic. Park et al. [31] assigned this shift to a change in
the angle between the Si-O-Si bonds. The angle can be determined by n =

1134 cm™? sin(%) in which n is the wavenumber in cm™ and ¢ is the angle

between the bonds. Calculating the peak bond corresponds to a shift in the
peak length from 127° to 131° with increasing inorganic content. The bond
angle is much lower than 137° as was measured in for sputtered SiO; [35].

Figure 17 shows the peaks between 2750 and 4000 cm™ for the three
different coatings. The broad peak is observed between 3000 and 3500 cm !,
which is assigned to the presence of -OH bonds [36]. -OH groups can be
present both as SiO-H groups (chemical bonding) and H>O (physical
bonding). The latter group indicates the presence of micropores. The peak
amplitude both increases and shifts to the right with increasing oxygen flow.
This indicates that not only the amount of —OH groups increases but also the
way —OH groups are incorporated changes. All 1000 nm thick coatings were
analyzed. Because the coating thickness was the same for all coatings, the
areas under the peaks were compared directly with each other without any
additional normalization. Originpro was used to perform a deconvolution of
the individual peaks.
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S — 1:6

0.01 —

0.005

Intensity [a.u.]

0

-0.005

4250 4000 3750 3500 3250 3000 2750

Wavenumber [em™]
Figure 17. FTIR-ATR spectra of the 1000 nm thick coatings. The domain

between 2750 and 3000 cm™ indicates the presence of CHy groups and peak
between 3000 and 3750 cm™* represents the presence of ~OH bonds.
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The deconvolution of the peaks was performed with 5 individual peaks
corresponding to the HO and SiO-H peak as well as peaks for CH, and
CHs.(below 3000 cm™). The latter ones were not further considered in the
quantitative evaluation as the effect between substrate and coating could not
be strictly separated. The sole purpose to include these peaks in the
deconvolution was to guarantee a good agreement between the fit and the
measurement signal. The bare PET shows no absorption between 3000 and
3700, which allows us to designate the left two peaks to absorption in the
coating. An example of the deconvolution is shown in Figure 18. The black
line indicates the measurement signal and the red line the final fit. The green
lines correspond to the individual absorption bands. The high noise level for
wavenumbers above 3600 cm™! is related to hydrogen in the measurement
chamber. This noise limited the quality of the fit at the left side of the
spectrum. Both the peak shape and peak center were used as fitting
parameters.

Intensity [a.u.]

N7 =
02 ==

T T T T

[ I I
3700 3500 3300 3100 2900

Wavelength [em™]

Figure 18. Example of the peak deconvolution in Originpro of the OH peak
for the coating with 6 times more oxygen compared to HMDSO. The green
and red lines represent the individual peaks of the deconvolution and the
sum of the peaks, respectively. The black line represents the measurement
signal. The noise at the left side of the spectrum was assigned to water vapor
absorption.

129



Chapter 5

. = HO
2.5« 2
e SiO-H n
2 —
';:' i
=15 "
8
2 ]
I °
- [ ]
0s— ®
T | T ] T | T | T | T | T ] T | T
2 3 4 5 6 7 8 9 10 11

Oxygen-to-HMDSO ratio

Figure 19. Calculation of the area corresponding to the H,O and the SiO-H
bonds after deconvolution. The number of both bonds increase with
increasing oxygen flow.

The coatings with high oxygen flow had the center of their -OH peaks at
3266 + 2 and 3481 + 2 cm™'. The peaks of the coating with an Oxygen-to-
HMDSO ratio equal to 3 were shifted slightly higher and were found at 3283
and 3492 cm’!. The locations of the peaks match well with literature and can
be assigned to water molecules trapped in coating matrix and the hydroxyl
stretch in neighboring silanol groups, respectively [37]. The peak at 3650
cm!, which is related to isolated silanol groups [38] was not observed but
cannot be completely excluded due to the high noise level at the this part of
the coating. The small peak shifts were mainly assigned as a fit error. No
explanation was found in literature explaining the physical meaning of this
shift.

N |

I | | I

CH, CH, CH, OH

Figure 20. Schematic visualization of the chemical change with increasing
oxygen flow. The CHs groups are replaced by OH groups..
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The areas below the two peaks are plotted as a function of the oxygen-to-
HMDSO ratio in Figure 19. Both the SiO-H and H>O peak increase with
increasing oxygen flow. The SiO-H peak increases with 70% whereas the
water peak increases almost 4 times. The 70% increase of neighboring SiO-H
bonds indicates that the additional oxygen per silicon molecule is largely
included as additional OH groups connected to the silicon atoms instead of
creating a SiO; network. This agrees with smaller angle of the Si-O-Si bonds
compared to sputtered SiO, indicating that there is no real SiO; structure
present but that CH3 groups are replaced by OH groups as is schematically
visualized in Figure 20. It is stressed here that the chemical structure is a
theoretical visualization as the exact structure cannot be described due to the
amorphous structure and the lack of information on the exact hydrogen
concentration in the coating. It was shown that the presence of OH groups in
SiO»-like coatings increases the viscous flow and thereby contributes to the
lower intrinsic stresses in the coating [39].

The increase of water trapped in the coating matrix indicates the increasing
presence of pores within the coating [38,40]. The micro porosity of the
coating can explain why the Young’s modulus of the more oxide coating did
not increase, even though it is known that the Young’s modulus of bulk SiO;
is much higher than 20 GPa.

Higher power per unit of monomer is necessary to increase the density and
avoid the increased porosity as was discussed in chapter 3. This also explains
why Liao [28] and Hegemann [29] observed increased residual stress for
higher oxygen flows. Due to their choice of parameters, they increased the
applied plasma power per unit of monomer with increasing oxygen flow.
This reduced the porosity and leads to an increase in the residual stress.

5.7 Thermal stresses

As polymer coatings are only able to withstand a limited heat load, it is
important to cool the PET substrate during the deposition process. In the
labFlex® 200, the substrate is cooled on the back-side as it is contacted
directly against a metal drum, which is water-cooled. Exact measurement of
the substrate temperature is difficult due to the temperature gradient in the
substrate as discussed in section 2.3.1. Contactless temperature
measurements with a pyrometer were extensively tested during this research
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but were not successful as the low substrate temperature leads to much lower
thermal radiation power compared to the reflections of external heat sources
or thermal fluctuations in the measurement device leading to substantial
errors in the measurement.

Additionally, for the calculation of the residual stress, accurate data of the
coefficient of thermal expansion is required. Experiments similar to the
hygroscopic expansion were performed by locating the measurement setup in
a climate chamber to control the temperature up to 50 °C. Whilst the
hygroscopic expansion showed a direct and reversible effect, the change in
curvature due to change in temperature takes over 500 minutes as can be
seen in Figure 21.

The temperature was kept at 50 °C between the two dashed lines. The black
lines was measured at room temperature as a reference. After 550 minutes,
the sample was cooled down to room temperature again. The change in
curvature remained after removal of the temperature indicating a non-
reversible expansion of the coating or shrinkage of the substrate.

Accurately measurement of the surface temperature of the substrate as well
as investigations in the thermal stress formation mechanism were not solved
during the time-frame constraints of this thesis and are questions to be
answered in future research.
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Figure 21. Measuring the effect of the temperature on the curvature (1/R) as
a function of time. The red line represents a specimen that was heated to
50 °C between the two dashed lines. The black sample was measured at
room temperature as reference.
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5.8 Conclusions

This chapter provides an overview of the stress mechanisms of roll-to-roll
coated thin films. For the coating dependent stress formation mechanisms,
three different coatings with a different organic/inorganic fraction were
compared and discussed.

The applied web stress leads to an additional curvature in the coating, which
was predicted by the theoretical model. The applied web stress only slightly
influences the radius of curvature for the plasma polymer coatings studied in
chapter. It was however shown that for other coating systems, the error by
neglecting the applied web stress can be significant and should be taken into
account.

This chapter presents a method to accurately determine the hygroscopic
expansion coefficients of thin film coatings provided that the substrate
properties are known. The hygroscopic expansion coefficient of plasma
polymer coatings on PET increased from 19.5 + 1.4:10¢ (% r.h.)"! up to
29.2£2:10° (% r.h.)! with increasing oxygen flow.

The intrinsic stress was found to be the main contribution to the residual
stress and could be lowered from 240 MPa to 102 MPa with an increasing
oxygen-to-HMDSO ratio from 3 to 10. The increased oxygen flow led to
incorporation of OH groups instead of the formation of a SiO,-like chemical
structure.
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Chapter 6

Summary and Outlook

This thesis discusses the functional properties of silicon-containing
plasma polymer coatings that are deposited using hollow cathode arc
discharge based PECVD. This high-rate PECVD process shows great
potential to replace state-of-the-art PECVD technologies like
Radiofrequency or Microwave PECVD within high-rate and large area
applications. This final chapter summarizes the scientific conclusions
obtained in the previous chapters and provides a brief overview of
possible future applications and remaining challenges.

6.1 Summary

Chapter 3 provided an extensive discussion on the permeation barrier
functionality of plasma polymer coatings. Against expectation, the inorganic
coatings (SiOzHy) showed no significantly improved permeation barrier
properties over the bare PolyEthylene Terephthalate (PET) substrate (7,9
g/(m2day) measured at 38 °C and 90 % r.h.). However, the organic coatings
(SiOCHy) did show an improved barrier on the provision that the energy per
HMDSO molecule was sufficient to completely dissociate the monomer and
create a dense network. Increasing energy per HMDSO molecule allowed for
the breaking of C-H bonds and thereby reduces the number of hydrogen
atoms in the coating. This allowed for denser coating structures with
improved permeation barrier performance. On normal PET, the reduced
WVTR was limited to 0.16 g/(m?day) with a applied plasma power of 63
W/(sccm HMDSOQ) as further increase in the applied plasma power led to
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thermal damage of the substrate. Using a thermally more stable PolyEthylene
Naphthalate (PEN) film allowed us to increase the power up to 116 W/sccm
HMDSO without damaging the film. The reduced WVTR down to 0.05
g/(m2day) shows that there is still room for improvement.

Unfortunately the increased plasma power lead to high residual stresses
within the coating. As these high residual stresses could lead to delamination
and device failure when applied within e.g. organic electronic devices, the
main part of this thesis investigated the stress formation mechanism within
these coatings and separated the different contributions within a roll-to-roll
process to understand their contributions towards the total residual stress.

As the thin flexible substrate and relatively thick coatings led to small radii
of curvature compared to e.g. thin coatings on silicon wafers. Standard
characterization methods were not very suitable to reliably characterize the
radius of curvature and an alternative method was introduced in Chapter 4.
A simple measurement setup was designed that uses an optical camera to
image the cross-section of an almost free-standing specimen. An image-
processing script allowed us to calculate the radius of curvature.

For reliable calculations of the mechanical coating properties, four different
nanoindentation and AFM based techniques were tested and compared to
find a reliable method for measuring the Young’s modulus of the thin films.
Continuous stiffness measurements are influenced by the substrate and
therefore underestimating the mechanical properties. The AFM based
methods are able to solely characterize the coating by using indentation
depths around 5 nm. Unfortunately, these low indentation depths require
extensive knowledge about the contact mechanics between the tip and
sample which is still not fully understood for non-flat (Ra > 2 nm) and
thereby should be carefully interpreted. The Atomic Force Acoustic
Microscopy technique with an improved contact mechanical model seems to
be very promising for these types of coatings but requires critical analysis for
samples with higher roughness. NanoDMA measurements at the cross-
section of the coating are very promising provided that the cross-section has
a very smooth surface. This technique requires more experimental effort but
is very promising for coatings with high surface roughness.

Chapter 5 was dedicated to the different contributions towards the total
residual stress. The applied web stress and curved substrate only have small
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influence of the residual stress for the samples within this chapter. It should
be taken into account that especially for thin substrates (< 50 um), the
contribution of the applied web stress becomes more significant. It was
found that the orientation of maximum curvature was affected by the web
tension but was mainly determined by the non-isotropic mechanical
properties of the substrate. The visco-elastic deformation before and after the
deposition contributes tensile or compressive towards the measured residual
stress using In-In and Out-Out web-path configurations, respectively. An
effect up to 5% was found for this specific experiment. As the actual
contribution depends not only on the configuration but also on the storage
time, this error was neglected within further contributions

The effect of the relative humidity on the residual stress was closely
investigated by accurate curvature measurements under controlled relative
humidity and constant temperature. The hygroscopic expansion coefficient of
the coatings was calculated and was found to increase with increasing
oxygen content. This was mainly assigned to the increased porosity of the
coating. Analysis of 500 and 1000 nm thick coatings showed that the
hygroscopic expansion coefficient is independent of the coating thickness
within the measured range.

Accurate calculation of the coefficient of hygroscopic expansion help to
improve the accuracy of numerical simulations studies on e.g. failure
mechanisms of MEMS or organic electronics.

The last section discussed the influence of the reduced carbon concentration
on the intrinsic stress. It was found that the intrinsic stress is the main
contribution to the residual stress for the coatings studied in this chapter. The
intrinsic stress was reduced by almost 60% for when decreasing the atomic
ratio of carbon to silicon from 2.8 to 1.6. FTIR spectroscopy indicated that
the increased oxygen flow does not lead to a SiO.-like structure but rather
the replacement of methyl groups by silanol groups. However, due to the
lack of information on the hydrogen content, the changes at a molecular level
remain not completely understood.

6.2 Applications

Even though we only started to unravel the mechanism behind the residual
stress formation, the investigations during this PhD project provide a solid

139



Chapter 6

base for the application of coatings deposited using hollow cathode arc
discharge based PECVD within several industrial applications. Within the
scope of industrialization, several promising business case studies were
already initiated to provide a proof of concept. Detailed investigations
whether or not these coatings meet all the required specifications should be
performed in close collaboration with industrial partners. A selection of these
business cases are introduced in the rest of this section.

Improved robustness of barrier coatings.

Chapter 3 showed that the deposited plasma polymer coatings may have an
intrinsic barrier function down to 0.05 g/(m2day) but only with a significant
thermal load that exceeds the thermal load of most polymer substrates. The
usage of 100 nm thick magnetron sputtered coatings like Aluminum Oxide or
Zinc-Tin-Oxide (ZTO) allow us to reach water vapor transmission rates
down to 5-10* g/(m2day) and are thereby far more effective as a barrier
deposition technology for organic electronics. The main drawback of these
inorganic coatings is the limited mechanical robustness, which leads to
defect-formation during roll-to-roll processing of these films. First tests
showed that the in-line applications of a protective polymeric layer are able
to improve the mechanical robustness of these barrier films. The robustness
was qualified using a bending fatigue test that allowed us to expose large
area films to a reproducible combination of bending load and mechanical
contact.

A schematic representation of the fatigue tester is shown in Figure la. The
sample is clamped at both sides and a metal drum is positioned in the middle
of the sample. The coating is pointed upwards (red line) and is therefore in
direct contact with the metal drum. The left clamp is fixed whereas the left
clamp moves up and down leading to a rolling movement of the sample over
the surface of the coating. The mechanical robustness of a 30 nm ZTO
coating deposited on a PET film (Melinex 401 CW, 75 um) was tested was
tested using a 250 cycles test with a polished metal drum (3 Kg, 38 mm
diameter). During this test, the metal drum was in direct contact with the
coating. The WVTR of a standard PET/ZTO film increases with a factor 10
during the fatigue test. The ZTO was protected by the application of a plasma
polymer coating with thicknesses between 500 and 2500 nm on top of the
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Figure 1. (a) Schematic representation of the bending fatique test. The
sample is clamped at both sides and a polished metal drum is placed in the
middle. The left clamp moves up and down causing the metal drum to roll
over the sample. One cycle consists of one movement downwards and
upwards. (b) This graph shows the effect of the protective arcPECVD
coating on top of a thin ZTO coating. The black squares represent the
measured WVTR before the fatigue test. The red circles present the WVTR
after fatigue testing. The protective function of the arcPECVD is optimized
with the application of a > 1um protective coating.

ZTO coating. The effect of the protective liner is shown as a function of the
coating thickness in Figure 1b. Already with a 500 nm thick protective layer,
the damage is reduced almost 50% compared to the bare ZTO/PET
specimen. For coating thicknesses over 1 um, the WVTR increases only 10-
15%. This protective coating is a major advantage over single inorganic
barrier films during roll-to-roll processing, as mechanical contact cannot
always be avoided in industrial environments.

Improved adhesion of barrier coatings.

Most organic electronic devices are encapsulated using permeation barrier
films. The barrier film is commonly fixated to the device using a Pressure
Sensitive Adhesive (PSA) or UV-curable adhesive. These, usually organic
adhesives show very little adhesion towards inorganic barrier coatings like
Al>,O3 and Zinc-Tin-Oxide. This leads to an overall reduced mechanical
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stability of the final encapsulated devices as delamination may occur. The
adhesion against the adhesive can be improved by the applications of a
silicon-containing plasma polymeric coating. Within this business case, the
peel force between the plasma polymeric coating and the barrier adhesive
EL-92734 was tested using a German wheel peel test (Sebastian V)
according to IPC-TM-650. The result of the peel force is shown in Figure 2.
The increase in oxygen flow compared to the HMSDO flow leads to an
increase in the inorganic content as was discussed in chapter 3 and 6. As can
be seen, the organic coatings show good adhesion whereas the inorganic
coatings show much lower adhesion. The adhesion of the inorganic coating
corresponds to the adhesion between the EL-92734 and inorganic barrier
coatings like Al;O3 (0.17 N/cm) and Zinc-Tin-Oxide (0.33 N/cm). Adding a
thin organic PECVD-based coating on top of the inorganic barrier improves
the adhesion towards the adhesive and thereby improves the overall
mechanical stability of the device.
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Figure 2. The adhesion between the barrier adhesive EL-92734 (Adhesives
Research) and the plasma polymeric coatings was testing using a German
wheel peel test (Sebastian V) according to IPC-TM-650. The average
adhesion is displayed for different Oxygen-to-HMDSO flow ratios. The
mainly organic coatings show a much higher adhesion (>2 N/cm) compared
to the more inorganic coatings (< 0.25 N/cm).
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For the low and high oxygen flow, there seems to be a local maximum and
minimum in the adhesion, respectively. Understanding the adhesion between
adhesives and the PECVD process parameters was out of the scope of this
initial study and is topic of future investigations.

6.3 Outlook

The contributions of the different stress formation mechanisms were
investigated for specimens with different carbon concentrations. As the
porosity seems to play a major role, especially in the environmental
conditions as well as for the intrinsic stress, an extensive evaluation towards
the effect of applied power per unit of monomer would gain better
understanding of the relation between the applied plasma power and the
stress formation mechanisms. This would broaden the understanding from
coatings with significant organic fractions up to mainly inorganic coatings

The main gap that was left in chapter 5 was the thermal contributions
towards the residual stress. Accurate measurements of the surface
temperature remain a big challenge and would help to improve the
understanding of the growth mechanism as well as the residual stress
formation mechanism.

Considering the mechanical characterization of thin stiff films of polymer
substrates, no generic method was found that allows quick measurement of
the mechanical properties. The development of AFMs as ultra-sensitive
nano-indenters combined with an improved understanding of the contact
mechanics seems to be very promising and should be continued to allow for
the reliable and unambiguous characterization of thin films on all kinds of
substrates within the years to come.
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