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Abstract auf Deutsch

Die aus nachwachsenden Rohstoffen hergestellten biologisch abbaubaren Polymere Polymilch-
saure (polylactic acid, PLA) und Polyhydroxybutterséure (polyhydrozybutyrate, PHB) wurden
im Rahmen dieser Arbeit mit hydrierten amorphen Kohlenstoffschichten (amorphous hydro-
genated carbon, a-C:H) bei unterschiedlichen Winkeleinstellungen mit verschiedenen Dicken
beschichtet. Ahnlich wie herkémmliche Polymere haben Biopolymere oft ungeeignete Ober-
flacheneigenschaften fiir industrielle Zwecke, z.B. eine geringe Hérte. Fiir manche Anwen-
dungen ist es daher notwendig und vorteilhaft, die Oberflicheneigenschaften von Biopoly-
meren unter Beibehaltung der Haupteigenschaften des Tréagermaterials zu modifizieren. Eine
geeignete Oberflichenmodifikation ist das Aufbringen von diinnen a-C:H Schichten. Thre
Eigenschaften hingen wesentlich vom sp?- und sp3-Hybridisierungsverhiltnis der Kohlen-

2
zg ~-Verhaltnis sollte in der vor-

stoffatome und dem Gehalt an Wasserstoffatomen ab. Das
liegenden Arbeit durch Variation der Beschichtungsgeometrie gesteuert werden. Da Beschich-
tungen bei 0°, direkt vor der Plasmaquelle, einen hoheren Anteil an sp® und indirekt (180°)
beschichtete ein hoheren Anteil an sp? aufweisen, wird in dieser Arbeit gezeigt, dass es moglich
Zg z -Verhéltnis zu kontrollieren. Dazu werden die einzelnen Proben in den Winkeln 0,
30, 60, 90, 120, 150 und 180° vor der Plasmaquelle platziert und mit einer Dauer von 2.5, 5.0,
7.5 und 10.0 Minuten beschichtet. Fir den Winkeln 0° ergaben sich die Schichtdicken von 25,

50, 75 und 100 nm. Die a-C:H Schichten wurden alle mit Radiofrequenzplasma-unterstiitzter

ist, das

chemischer Gasphasenabscheidung und Acetylen als C' und H Quelle abgeschieden, nachdem
sie 10 Minuten lang mit einem Sauerstoffplasma vorbehandelt worden waren. Nach dieser
O2-Behandlung und der a-C:H Abscheidung werden die Oberflichen mit makroskopischen
und mikroskopischen Messmethoden untersucht und die Daten anschlielend analysiert. Die
Oberflachenmorphologie wird mit Hilfe der Rasterelektronenmikroskopie und der Rasterkraft-
mikroskopie erfasst. Auf diese Weise kénnen auch Informationen tiber die Stabilitdt der
Schicht und die Oberflichenrauhigkeit gesammelt werden. Mit Kontaktwinkelmessungen (con-
tact angle, CA) wird nicht nur die Benetzbarkeit, sondern auch die Kontaktwinkelhysterese
durch Auf- und Abpumpen des Tropfenvolumens bestimmt. Durch Messung des CA von ver-
schiedenen Fliissigkeiten und deren Vergleich werden die freie Oberflachenenergie (surface free
energy, SFE) und ihre polaren und dispersiven Bestandteile bestimmt. Die Verdnderungen der
Barriereeigenschaften werden durch Wasserdampftransmissionstests (water vapor transmis-
sion rate, WVTR) iiberpriift. Die chemische Analyse der Oberflache erfolgt zum einen durch
Fourier-Transformations-Infrarotspektroskopie mit spiegelnder Reflexion und zum anderen
durch Synchrotron unterstiitzte Techniken wie der Nahkanten-Rontgenabsorptionsfeinstruktur
und der Réntgen-Photoelektronenspektroskopie. Bei der Analyse der Oberflichen nach der
O2 Behandlung, von der zunéchst angenommen wurde, dass sie nur der Reinigung und Ak-
tivierung der Oberflache fiir die a-C:H Beschichtung dient, wurde festgestellt, dass die Veréin-
derungen drastischer sind als urspriinglich angenommen. Wird PLA zum Beispiel bei 0°
fiir 10 Minuten behandelt, steigt die Rauheit um das Fiinffache. Mit zunehmendem Winkel
verringert sich diese wieder, bis sie bei 180° wieder dem Ausgangswert entspricht. Bei PHB
hingegen wird durchgehend ein dhnlicher Wert gemessen. Fiir beide Polymere ldsst sich zeigen,
dass der polare Anteil der SFE zunimmt. In der WVTR ist bei PLA eine Abnahme der Per-

meabilitdt und bei PHB ein Anstieg des Ausgangswertes zu beobachten. Die chemische Ober-



flachenanalyse zeigt, dass die Os-Behandlung kaum Auswirkungen auf die Oberflichenbindun-
gen hat. Insgesamt kann in dieser Arbeit gezeigt werden, dass sich die Oz-Behandlung auf
die Eigenschaften der Oberfliche auswirkt und nicht ausschlieBlich als Reinigungs- und Ak-
tivierungsprozess betrachtet werden kann. Bei direkter a-C:H Beschichtung (bei 0°) ist sowohl
bei PLA als auch bei PHB ein Schichtversagen bei 10.0 Minuten aufgrund von Eigenspan-
nung zu beobachten. Dies ist bei PHB in geringerem Mafle auch bei 30° zu erkennen. Die
Durchlassigkeit der Polymere wird bei einer funf miniitigen Beschichtung um 47% reduziert
und auch die Schicht bei 10.0 Minuten fiihrt diesen Effekt trotz auftretender Risse weiter.
Die Aufbringung von a-C:H Schichten zeigt fiir beide Polymertypen bei direkter Beschich-
tung eine Dominanz von sp?-Bindungen. Mit zunehmendem Winkel nimmt diese ab und
bei indirekten Beschichtungen werden sp?-Bindungen dominierend. Dieses Ergebnis ist fiir
alle Schichtdicken &dhnlich, nur der Winkel, bei dem der Wechsel der dominanten Bindung
stattfindet, ist unterschiedlich. Es wird gezeigt, dass es moglich ist, die Oberflicheneigen-
schaften durch eine winkelabhéngige Beschichtung zu steuern und somit das Verhéltnis ;’%2

zu kontrollieren.



Abstract in english

The biodegradable polymers polylactic acid (PLA) and polyhydroxybutyrate (PHB) pro-
duced from renewable raw materials were coated with hydrogenated amorphous carbon layers
(a-C:H) at different deposition angles with various thicknesses as part of this thesis. Similar
to conventional polymers, biopolymers often have unsuitable surface properties for industrial
purposes, e.g. low hardness. For some applications, it is therefore necessary and advantageous
to modify the surface properties of biopolymers while retaining the main properties of the
substrate material. A suitable surface modification is the deposition of thin a-C:H layers.
Their properties depend essentially on the sp? and sp® hybridization ratio of the carbon
atoms and the content of hydrogen atoms. The % ratio was to be controlled in the present
work by varying the coating geometry. Since coatings at 0°, directly in front of the plasma
source, contain a higher percentage of sp® and indirectly coated (180°) a higher amount of
sp?, it is shown in this work that it is possible to control the z%i ratio. For this purpose,
the samples are placed in front of the plasma source at angles of 0, 30, 60, 90, 120, 150
and 180° and coated for 2.5, 5.0, 7.5 and 10.0 minutes. For the angles 0°, the layer thick-
nesses were 25, 50, 75 and 100 nm. The a-C:H layers were all deposited using radio-frequency
plasma-enhanced chemical vapor deposition and acetylene as C' and H sources after being
pretreated with an oxygen plasma for 10 minutes. Following the Os treatment and the a-
C:H deposition, the surfaces are examined using macroscopic and microscopic measurement
methods and the data is then analyzed. The surface morphology is recorded using scanning
electron microscopy and atomic force microscopy. In addition, data on the stability of the
layer and the surface roughness can be collected. Contact angle (CA) measurements are used
to determine not only the wettability, but also the contact angle hysteresis by pumping the
drop volume up and down. By measuring the CA with different liquids and comparing them,
the surface free energy (SFE) and its polar and disperse components are determined. The
changes in barrier properties are verified by water vapor transmission rate tests (WVTR).
The chemical analysis of the surface is carried out on the one hand by Fourier transform in-
frared spectroscopy with specular reflection and on the other hand by synchrotron-supported
techniques such as near-edge X-ray absorption fine structure and X-ray photoelectron spec-
troscopy. When analyzing the surfaces after the Os treatment, which was initially assumed
to serve only to clean and activate the surface for the a-C:H coating, it was found that the
changes were more drastic than originally assumed. For example, if PLA is treated at 0° for
10 minutes, the roughness increases fivefold. As the angle increases, it decreases again until
it returns to the initial value at 180°. This can be recognized to a lesser extent with PHB at
30°. For both polymers, it can be shown that the polar fraction of the SFE increases. In the
WVTR, a decrease in permeability can be observed for PLA and an increase in the initial
value for PHB. The chemical surface analysis shows that the Os treatment has little effect
on the surface bonds. Overall, it can be shown in this work that the Os treatment has an
effect on the properties of the surface and cannot be regarded exclusively as a cleaning and
activation process. With direct a-C:H coating (at 0°), a layer failure due to internal stress
can be observed for both PLA and PHB. This also occurs with PHB at 30°, but to a lesser
extent. Permeability of the polymers is reduced by 47% with a five-minute coating and the

layer at 10.0 minutes continues to have this effect despite cracks appearing. The application



of a-C:H layers shows a dominance of sp? bonds for both polymer types with direct coating.
This decreases with increasing angle and sp? bonds become dominant for indirect coatings.
This result is similar for all coating thicknesses, only the angle at which the change of the
dominant bond takes place is different. It is shown that it is possible to control the surface

2
properties by an angle-dependent coating and thus to control the ratio ;%.
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1 Introduction 13

1. Introduction

Polymers are an important raw material that can be found in almost all areas of modern life
due to their advantages. These are mostly conventional crude oil based polymers. However,
crude oil is a resource that is not available in unlimited quantities [I, p. 28-31]. Polymers in
general are characterized above all by their easy formability, elasticity, low weight, a wide
working temperature range and good chemical resistance [2, [3, 4], 5]. Conventional plastics also
have a negative impact on human health, wildlife and the environment. Another important
fact is the increasing production of plastic waste (e.g. packaging materials), as they do not
decompose. Around 140 million tons of petroleum-based plastic waste are produced worldwide
every year, of which 56.3 million tons are generated in Europe alone [6]. A fatal development
with regard to plastic waste is that the average size of plastic particles in the environment
seems to be decreasing. In addition, the global distribution of microplastic fragments has
increased in recent years. The environmental impact of this microscopic waste is also still little
known and, finally, the crude oil on which conventional polymers are based is always a political
component [7,[§]. For this reason, it is all the more important to find suitable environmentally
friendly alternative materials that can replace at least some of the conventional plastics used in
industry. When it comes to saving resources and reducing the environmental impact, bio-based
and biodegradable polymers can be an alternative product [Il, p. 28-31][5]. Such biopolymers
include polylactic acid (PLA) and polyhydroxybutyrate (PHB) [9, p. 3-7][10} L1}, 12]. Similar
to conventional polymers, these often have unsuitable surface properties for industry, such
as low scratch resistance, low hardness and limited gas barrier properties [4], [13]. For some
applications, it is therefore necessary and advantageous to modify the surface properties of
biopolymers while maintaining the main characteristics of the substrate material. A suitable
surface modification, such as the deposition of thin amorphous hydrogenated carbon layers (a-
C:H) produced by radio frequency plasma-enhanced chemical vapor deposition (RF-PECVD),
modifies the surface properties while preserving the main properties of the carrier material.
The temperatures remain low in this process, making it suitable for materials such as polymers
[T4, 15, [16]. The properties of the a-C:H layers depend strongly on the acetylene (CyHz)
precursor gas used and its purity. The resulting ratio of sp? and sp® hybridization of the
carbon atoms and the amount of hydrogen atoms are decisive [14} 17, I8]. Due to the fact that
CsHs contains oxygen compounds for stabilization, it is possible that O is also incorporated
into the layer or generates volatile molecules. If the sp3 proportion of the layer is very high,
this leads to a diamond-like layer, which is characterized by high hardness, chemical inertness,
optical transparency or higher resistance. With a high sp? content, the layer becomes graphite-
like and properties such as softer surfaces, better electrical conductivity or low friction are
achieved [14]. This means that if the z%; ratio is varied, customized surface properties can
be created that are adapted to the application process. Which z%z the layer has is in turn
influenced by multiple factors: for example, it depends on the gas composition, the gas flow,
the prevailing pressure and the ionization power [I4] [17], 19, 20]. Another important factor
is the coating geometry, which can be used to control the j%ﬁ ratio. It is known that an a-
C:H coating applied directly in front of the source forms sp? dominant layers, while coatings
applied turned 180° away from the source (indirectly coated) are sp® rich [19, 20]. Preliminary

experiments by the working group have already shown this phenomenon [I5}, [16], 21}, 22} 23]. It



1 Introduction 14

was also shown that it is possible to apply a-C:H to the biopolymers PLA and PHB using RF-
PECVD [16, 24}, 25 26, 27, 28]. This is exploited in this work, and a-C:H is applied to PLA and
PHB at different coating times (2.5, 5.0, 7.5 and 10.0 min) and resulting thicknesses (at 0° : 25,
50, 75 and 100 nm) in an angle-dependent manner to confirm the gradual change from sp? (at
0° of deposition) to sp? (180°) richer layers in 30° steps. The relationship between the sp?/sp?
ratios and the macroscopic effects was investigated by contact angle (CA) measurements and
surface free energy (SFE) determination. The expected improvement of the barrier properties
of the a-C:H coated PLA films and uncoated PHB was verified by water vapor transmission
rate (WVTR) tests. Prior to each coating, the surfaces were also treated with a 10 minute
oxygen plasma in an angle-dependent manner to enable better deposition of the subsequent
a-C:H layer. In this work it is also shown that the Oy plasma process also has an effect on
the surface properties of PLA and PHB.

The effects of the Oy treatment and the a-C:H application in terms of their microscopic
and macroscopic effects were all investigated ex-situ and subsequently analyzed. The surface
morphology was recorded with two different methods. Macroscopic surface images were taken
using scanning electron microscopy (SEM). Microscopic morphologies were made using atomic
force microscopy (AFM). CA measurements also support contact angle hysteresis (CAH) by
pumping the drop up and down, as well as surface free energy (SFE) by measuring the CA
of different liquids. The chemical analysis of the surface was carried out using three dif-
ferent analysis methods. Firstly, specular reflectance Fourier transform infrared spectroscopy
(SR-FTIR) was used and secondly, two surface-sensitive synchrotron X-ray techniques. These
included near-edge X-ray absorption fine structure (NEXAFS) and X-ray photoelectron spec-
troscopy (XPS). The changing barrier and permeability properties of PLA and PHB films
were determined by WVTR tests.
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2. The fundamentals of plasma physics

In this work, the polymers PLA and PHB were treated with Oy plasma and after a-C:H layers
were deposited using RF-PECVD. First, the basics of plasma physics are discussed in order
to highlight the most important physical aspects responsible for the layer growth behavior

by a plasma process in the following chapter.

2.1. Definition of a plasma

Plasmas are referred to as the fourth state of aggregation alongside solid, liquid and gaseous.
However, the transition from a gas to a plasma is not a phase transition in the thermodynamic
sense. If a molecular gas is gradually dissociated into an atomic gas due to collisions caused
by energy supplied that exceeds the molecular binding energy. If an increasing proportion
of the atoms have sufficient kinetic energy to overcome the binding energy of the electrons
in the outermost orbitals through collisions, the gas ionizes and a plasma is formed. Below
the ionization limit of kT ~ Ujey, all particles are present as neutral atoms [29, p. 2 ff][30].
The plasma state can be generated in different ways. This thesis focuses on the generation of
a plasma by discharge mechanisms. Gases are fundamentally poor conductors and distance
and pressure-dependent dielectric strengths are specific to each gas. They are described by
Paschens law. An electron must be accelerated by an electric field over a certain path length
in order to obtain sufficiently high energy in the prevailing gas space. The breakdown voltage
Upreak Tesults in [31) p. 158 ff]:

Bpd
Ubreak = In(Apd) — In (In (1 +~~1)) W)

The two constants A and B can be determined experimentally. The electrode spacing is d, p

as the prevailing pressure and 7 as the Townsend coefficient [31], p. 158 ff].

To generate a discharge, an electric field is required, which is generated by two electrodes
at a distance d apart. Between them is a gas as an insulator. This gas becomes conductive
when the electric field becomes so large that its electrons are accelerated in the direction of
the anode and its ions in the direction of the cathode. This is also known as the breakdown
voltage. If a single electron is accelerated on its way to the anode to such an extent that it gen-
erates further electrons by colliding with non-ionized atoms, a cascade occurs. The boundary
between dependent and independent discharge is known as Townsend’s discharge mechanism.
At the cathode, the ion bombardment generates further free charge carriers, which, among
other things, generate radiation through recombination processes, which in turn releases new
starting electrons and can lead to further ionization cascades [31), p. 158 {f|[32] 33, [34][35, p.
515].
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Fig. 1: Schematic model of a Townsend gas discharge. The figure is based on [31] p. 158 ff][32] [33]

The breakthrough and ignition conditions for plasmas in alternating fields depend on the
mobility of the ions k and the applied field Ey and the distance d between the electrodes.
The frequency f derived from this then results [36, p. 384 ff]:

f= % - sin(wt) (2)

At the maximum frequency faz, & test ion just barely reaches the cathode from the anode,

resulting in: fya: = gfg If the frequency f > fimaz, & constant voltage is recorded between

the electrodes. Space charge effects in the kHz - MHz range can still be neglected under this
condition [36, p. 384 fi].

High-frequency plasmas are often excited at the standard frequency of 13.56 M H z, which
is widely used for industrial applications; at high frequencies, the displacement current caused
by the movement of the sheath and the scattering on the sheath contribute to ionization, so

that lower voltages are sufficient to achieve higher plasma densities [37].

2.2. Distribution functions of a plasma

The distribution and propagation function within a plasma is a characteristic and can be
described in different ways. The most important ones are briefly explained below [30].

2.2.1. Saha equation

To determine the degree of ionization X, the density of the neutral particles ng and the density
‘]

are considered in the ratio X = —2<— . If more than 50%

of the charged particles ne [m~ Py
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of the gas is ionized, X > 0.5 results. If the system is in thermodynamic equilibrium, this

results in the so-called Saha ionization equilibrium [29] p. 184 ff][30]:

Ne 21 m3/2 1 (Uion)
— =2.405-10% - T°/= . — . 3
no Ne &P kT (3)

With T as temperature at X > 0.5 and k as the Boltzmanns constant.

2.2.2. Boltzmann distribution

The Boltzmann distribution specifies the probability of occupation of the energy levels of a
certain state. The function depends on the energy of this state and on the temperature of

the system. The probability densities p and the energies E are considered in states ¢ and j

[38, p. 68 fi].
Py (2 Q)

2.2.3. Maxwell-Boltzmann distribution

The kinetic theory of gases describes the movement of gas molecules with a randomly dis-
tributed, continuous velocity and the mass m. This molecular motion depends on the gas
temperature and is described by collisions with other molecules, which lead to a kinetic en-
ergy exchange. The molecules are considered as independent spheres with an average particle

velocity v. The number of particles is assumed to be n [39 p. 33 ff][40, p. 11 ff].

2.3. Quasineutrality, Debye length and plasma frequency

Although a plasma consists of partially or completely ionized gas as described in section 2.1,
a plasma is outwardly neutral. This means that the negative electron density n. compensates
for the sum of the positive charge carrier density n,. The thermal energy of the particles
and the resulting movement counteract this charge equalization. If the plasma is in thermal
equilibrium and a point charge ¢ is introduced into this system, the Poisson equation for the
electric potential ® = —% applies [29] p. 6 ff][31} p. 141 ff]. The Debye length Ap is defined

by:
60k}T
ADp = ¢/ 6
b neq2 ( )

With ¢y as electric field constant. If the potential equation is solved using a spherical

approach, the potential ® only depends on the distance r of the sample charge ¢ and the
result is [29, p. 8, 278 ff][30][31, p.101 ff]:

b = 4 .1-emp<—ﬁ'r> (7)

dmey T

This leads to the following options:
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e 7 > Ap: The potential disappears exponentially. As a result, the potential of the test
charge is shielded from the surrounding plasma for distances of more than the Debye
length.

o r < Ap: The exponential function is approximately one, which results in the Coulomb

potential.

In order to describe electrons and ions not as individual particles but as a density dis-
tribution, there must be many particles in a defined volume. For this purpose, the number
of particles Np is defined in a sphere of radius Ap, the so-called Debye sphere [29, p. 276
f1][30] 31} p.141 ff].

3
4 eokT \ 2
ND:3w.ne.(ne'q2) 8)

For Np > 1, the Debye sphere consists of many particles and forms a shielding charge
cloud, which results in Debye shielding. The limit Np = 1 extends parallel to the limit
Epot = kT for an ideal plasma, which means that Debye shielding is almost always present
[B1, p. 141 ff].

The displacement of the electrons relative to the ions creates high restoring forces in the
plasma due to the electric field between the charged particles. Electrons are more mobile
than ions due to their smaller mass. Due to their inertia, they oscillate harmoniously around
the rest position of the ions, causing the electron-ion system to oscillate. The frequency of
the system is referred to as the plasma frequency wp and the following applies [29] p. 292
][30] [31], p.145 fI]:

Ne - €2

9)

wp =
Me€o

If an external electromagnetic field is generated, the following applies to the harmonic
oscillator: below the plasma frequency wp, electromagnetic waves are reflected and cannot
penetrate the plasma, which is referred to as ’cut-off’. Above wp, a plasma becomes trans-

parent to electromagnetic radiation[29, p. 583 ff][30].

2.4. Rate equations and elementary processes

The plasma used for layer deposition involves a large number of chemical reactions and equi-
librium processes that influence the particles present. Due to the high speed, many processes
are triggered by electron collisions. These lead to further ionization reactions or they can re-
combine with positive ions. Negative particles can also be generated. There are also collision
processes with ions and fragments of partially or completely dissociated molecules, as well
as with neutral particles. Charge transfer effect can also occur among the different plasma
species. The chemical reaction rates depend on the particle concentration and the energy
distribution of the reaction partners [30][31, p. 14 ff]. Reactions of particles of the type A
or B are described below. Electrons are marked with e, positive charges are marked with +,

negative with —.
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The most important processes are listed:

e Impact ionization, electron-ion pair: e~ + A — AT + e~ + e~

Impact ionization, negative ion: e~ + AB — A~ + B

Produce radical: e~ + AB - A+ B +e~

Recombination: e~ + AT — A

Charge transfer: AT+ B — A+ BT
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3. Theory of film deposition

In this work, coatings of different thicknesses are applied to surfaces. Deposits on surfaces are
important in many industrial manufacturing processes. The possible layer thicknesses range
from a few nanometers to a few micrometers, depending on the application. The growth and
deposition behavior of the layers is described in detail in this section. Layer formation is

explained in six consecutive steps [41, p. 119].

1 First, incident particles are adsorbed on the surface.
2 After they often diffuse a certain distance on the surface.

3 Then the particles react with free binding sites of the surface atoms or with other

deposited particles.

4 These bound particles are referred to as nuclei, on which more and more particles

accumulate and the layer begins to grow.
5 If the layer becomes thicker, it develops a structure or morphology and a roughness.

6 Finally, diffusion interactions occur within the layer mass and with the surface.

3.1. Physisorption and chemisorption on the surface and diffusion

Fig. 2 shows the impingement of the species deposited from the plasma and the possible se-
quential deposition steps of an impacting particle on the substrate surface until it is deposited.
When these particles approach the surface, an interaction takes place. The surface applies
an attractive force to these particles within a few atomic distances and they are attracted to
the substrate surface (Fig. 2). These move along the potential to its minimum, where they
are attracted by the nuclei. If the incoming particles have sufficient kinetic energy, they re-
main on the surface and trapped in a weakly-adsorbed state known as physical adsorption or
physisorption (Fig. 2 and 3). If the particle cannot dissipate enough energy as it approaches
the substrate for physisorption to take place, it is reflected back from the surface [39, p. 340
f][41), p. 119 fH][42] p. 127 ff].

‘ reflection desorption

Fo/“omo/\‘ Q/\‘Q/\
L ] ) \ J ¥‘

physisorption chemisorption

incorporation

Fig. 2: Schematic model of the impact of an unbound particle (gray) from the plasma on the sub-
strate surface. The resulting possible interactions are shown. The black particles are weakly
bound (physisorbed), the blue ones are chemisorbed (strongly bound) and the red ones are
incorporated into the layer. The figure is based on [41 p. 120].
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In physisorption, the particle is only weakly bound to the surface by the van der Waals
force and is in a first potential minimum (Fig. 3A/B). Accordingly, it can move on the surface
between the atomic sites, which is called diffusion. If the physisorbed particles acquire enough
energy during diffusion, they can desorb from the surface Fig. 2 3A/B) [39, p. 442][41] p. 119
ff][42, p. 133 ff]. The desorbed and reflected particles can hit the surface again from the
plasma and start the application process all over again. If the physisorbed particles continue
to interact with the surface, they can reach a lower energy potential and form a chemically
more stable bond with the surface (see Fig. 3A/B). The particles are now no longer bound
only by dipole interactions, but the electrons of the incident particles and the surface atoms

enter into new molecular orbitals. This is known as chemisorption [41} p. 119 ff][42] p. 133 ff].

A B
Bt oo ‘—X> diffusion_/
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]

transition

Potential barrier state
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physisorbed tﬁ—l e

—— chemisorbed physisorption ~ chemisorption

Fig. 3: A The potential energy of a particle as a function of the distance to the substrate surface z
is shown. B The potential energy of surface diffusion as a function of the position x on the
surface. The respective state of physisorption and chemisorption is shown. The figure is based
on A [41] p. 123] and B [41], p. 130].

In Fig. 3A the potential energy of a particle as a function of the distance to the substrate
surface z is shown. The energy curve shows the lower potential of the chemisorbed state com-
pared to physisorption. The potential barrier AFE between the two states must be overcome
if a physisorbed particle is to switch to chemisorption and thus to the more strongly bound
state. How big AF is depends on how strong the bonds of the particles are within the precur-
sor state and the surface from their relaxed state [41, p. 122 ff][42, p. 156]. Fig. 3B shows the
potential curve of a particle moving on the surface in different bonding states. If the particle
is at an energy maximum, this is referred to as a transition state. At the maximum, the
particle can desorb or diffuse on the surface. The particle can also move from a physisorbed
state to a physisorbed state, whereby it ends up in a deep potential minimum [41], p. 129 ff].
In plasma-enhanced chemical vapor deposition processes, such as those used for this work,
the species entering are already activated and therefore chemisorbed directly on the surface.
The physisorption state does not occur. To achieve this, the quantity of the molar potential

energy of the incoming vapor must be high enough [41], p. 122 ff].

3.2. Nucleation and growth modes

The introduction of the particles into the substrate marks the start of nucleation and thus the

growth of the layer. To do this, the free molecular contacts on the surface must be removed or
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saturated. To achieve this, bonds must be broken and energy expended. This is influenced by
the surface free energy (SFE) 7. The SFE is provided by the forces generated during surface
formation and always aims for a minimum. Minimization is achieved through surface diffusion,
which strongly influences the formation of surface structures and topography. The chemical
composition of the surface, the crystallographic orientation, the atomic reconstruction and
the roughness on an atomic scale are also influencing factors. The SFE is therefore the stored
work per unit area and is given in J/m? or N/m [41] p. 139 ff][42] p. 337]. For deposition on
a surface, the surface energies of the free substrate surface v, the layer surface v; and the
substrate-layer interface ; must be taken into account. If the particles can diffuse sufficiently
well on the surface, the deposited material can minimize its SFE itself. In this case, nucleation
is not kinetically limited. For this, the diffusion length A must be much greater than the
distance a between the atomic layers (A > a), a so-called equilibrium growth mode is present
[41), p. 142 ff]. If there is no diffusion, or A < a, each atom sticks directly where it lands.
This is referred to as a non-equilibrium growth mode [41, p. 142 ff][42, p. 228|.

3.2.1. Equilibrium growth modes

Fig. 4 shows three different options for layer equilibrium growth mode. These are determined
by the sign of the SFE difference [39, p. 195 ff][41], p. 143 ff].

S G % B

Fig. 4: Layer growth modes in equilibrium mode: A Frank-Van der Merwe (layer), B Volmer-Weber
(island), and C Stranski-Krastanov. The figure is based on [39] p. 197][41], p. 144].

In the Frank-Van der Merwe growth mode (Fig. 4A), the deposited layer wets the substrate
surface. This results from the fact that the free substrate surface v, is larger than the layer

surface 7; and the substrate-layer interface ;, which results in the following [41], p. 143]:

Ys > Y+ Vi (10)

This means that the SFE of the coating surface is lower than that of the raw substrate
surface, resulting in very uniform layer growth. The bond between the deposited layer and
the surface must be strong in order to reduce ~; [39, p. 195 ff][41} p. 143 ff].

If the free substrate surface 75 is smaller, the layer begins to form three-dimensional (3D)
islands on the surface and does not cover the surface evenly. This follows [39, p. 195 f][41] p.
143 ff]:

Vs <A i (11)

Due to the island formation, the contact with the surface is reduced, which is referred to
as the Volmer-Weber growth mode (Fig. 4B) [39, p. 195 ff][41] p. 143 ff].
The Stranski-Krastanov growth mode (Fig. 4C) is a hybrid between the Frank-Van der

Merwe and the Volmer-Weber growth mode. The layer-to-layer growth changes one or two
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monolayers to a 3D island growth. This results from the fact that the SFE of the layer surface
~; becomes larger than the SFE of the free surface 7, after the completion of the first layers.
This mode is the most frequently observed for the deposition of layers on solids [39, p. 195
ff][41), p. 143 ff].

3.2.2. Non-equilibrium growth modes

Initially, all growth modes can be observed as being in equilibrium. To do this, the forward
and reverse reaction rates of the reactants involved in layer growth must be so fast that
they equalize within the time scale of a monolayer deposition. If this is not the case, the
system is driven away from the equilibrium state. For example, due to differing reaction
rates of individual species on the surface or their diffusion rates (as in the case of plasma
deposition). If, for example, the forward speed is so slow that the product concentration
does not have time to reach an equilibrium level within this time scale, the concentration
is determined by the kinetics of the reaction and not by thermodynamics [41, p. 150 ff][42),
p. 354 ff]. Whether kinetics or thermodynamics determines layer growth depends on the
rate constants of various surface processes and their kinetic balances. The applicable rate
constants are usually unknown, as these are dynamic processes that are carried out in the
absence of back reactions. In CVD processes, it is particularly imprecise to determine these
velocities due to the many different reactions. In principle, two parameters can be modified
to control the system out of the equilibrium state: The temperature and the pressure [41], p.
150 ff]. If the kinetic process dominates the layer growth, the kinetic equilibrium of several
different surface processes must be analyzed. The basic processes are shown in Fig. 5 and
take place after chemisorption in addition to the deposition step. Parallel to deposition,
nucleation of particles on the surface, terrace diffusion, accommodation of atoms on formed

steps or diffusion across these steps also take place [42] p. 355 ff].

deposition
nucleation
. —_— — accommodation
to step step-down diffusion
- . terrace

diffusion

Fig. 5: Surface processes involved in non-equilibrium layer growth. The figure is based on [42] p. 356].

In energetic terms, step-down diffusion is significant, especially at low process temperatures.
The reason for this is that the particles are more strongly bound at the bottom of the steps.
The relative process rates of the different processes determine the growth mode and the
morphology of the layer. In a non-equilibrium state, the layer growth can be divided into
three different growth modes [42), p. 355 ff]. This is shown in Fig. 6.

Close to equilibrium, a step flow growth is the predominant growth process (Fig. 6A).

There is no material transport between neighboring layers. Likewise, terrace diffusion is so
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fast that all particles reach a stage before islands can nucleate. The nucleation of islands
occurs rapidly when the system is far from equilibrium. The growth mode of the island
is characterized by the transport between the adjacent layers. The layer is formed by the
coalescence of 2D islands that occur at the boundary of the transport. No new nucleation
takes place on these 2D islands until the gaps between the islands are filled. This growth
mode is shown in Fig. 6B. Fig. 6C illustrate the state when nucleation occurs on the islands
before the layer is closed. This starts when there is no or too little transport between the
layers and is called 3D multilayer growth. The higher the amount of deposit deposited on the
surface, the greater the number of new islands that grow on islands. As a result, the system
moves further and further away from the equilibrium state and becomes rough due to the

pyramid-like structures that form [42] p. 355 ff].

A B C

| | | | | | FE‘\
4 | | | [ |
S | | [ | —
= —— | | | ]
[e]
o
- ’—|:|_| Il_l |—|| II_I I_II
g
&

L— | | | |

step flow growth layer growth (2D) multilayer growth (3D)

Fig. 6: Schematic layer growth modes at non-equilibrium: The substrate is shown in green. A shows
the substrate step flow growth, B the Layer growth by island coalescence and C a multilayer
growth. The deposition increases from bottom to top. The figure is based on [42], 357].

The distinction between layer and multilayer growth (Fig. 6B/C) can be described qualita-
tively. For this purpose, the critical layer coverage ©¢ is considered, at which the nucleation
takes place on the growing islands. The coverage O, at which the islands grow together
to form a coherent layer, is also considered. For the conditions of the growth modes follows
from this 42, p. 355 ff]:

Oc > Opq = layer growth
Oc < Opqr = multilayer growth

General, ©¢ ranges in the interval {0.5 < O¢ < 0.8}. The critical layer coverage can be
increased by reducing the deposition rate or increasing the temperature. Variable process
parameters that determine the growth mode include pressure and temperature. The system
temperature Ty determines the diffusion rate and the pressure determines the deposition rate
Tdep- For Ts — 0o and r4e, — 0, the system approaches the equilibrium state and step flow
growth is observed. At Ty — 0 and rge, — o0 the transport between the layers comes to a
standstill. Nucleation is then not yet complete and multilayer growth takes place. In summary,
step-flow growth is preferred at high temperatures and low deposition rates and multilayer

growth is preferred at low temperatures and high deposition rates [42), p. 355 ff].
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3.3. Nucleation rate, grains and coalescence phenomena

The nucleation rate describes how many nuclei of critical size form on a substrate surface
per unit area and time. This is relevant because the formation of a new phase is not possible
without the existence of nuclei. The size of the nuclei r is crucial so that they can be used for
further layer growth. Small nuclei are thermodynamically unstable and shrink as their free

energy change AG,, tries to minimize (d Aﬁ” — 0). So-called critical nuclei 7. lack only one

atom to be thermodynamically stable and thus to be used for layer growth. The speed at
which critical nuclei grow depends on how quickly adsorbed monomers (so-called adatoms)
attach to the nuclei. High-energy particles that hit the surface usually remain there for a

period of time 7. During this time, they can attach to the nuclei [39, p. 201 ff].

1 Edes)
= 12
= ea:p( T (12)

The vibrational frequency v is typically in the range of 10'2 %, and Fg.s is the energy
required to desorb it back into the vapor. Adatoms that have not yet thermally adapted to
the substrate perform random diffusion jumps. They can also form pairs with other atoms
during their movement and then join together to form larger grains or they can be captured
by existing grains. When this happens, it is improbable that these atoms will return to the
vapor phase. As the grains continue to grow, coalescence can occur between different grains.
Three mass transport mechanisms have been proposed to explain these phenomena which are
shown in Fig. 7. These include Ostwald ripening, sintering and cluster migration [39] p. 201

mass transport

—_—
Jk—

Fig. 7: Coalescence phenomena of islands on the substrate surface. A Ostwald ripening, B sintering
and C cluster migration. The cluster migration is additionally separated in three parts: 1
cluster migration, 2 cluster collision, 3 merged cluster. The figure is based on [39, p. 214].

So-called Ostwald ripening coalescence occurs when, in an accumulation of grains of differ-
ent sizes, the larger ones grow at the expense of the smaller ones. The reason for this is that

the SFE is minimized as a result of the aggregation. First, two isolated but closely spaced
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grains are considered. The grains are of different size and surface energy -, as shown in Fig.
TA. For simplification, it is assumed that the grains are spherical r1 2. The free energy G of
a grain is with ¢ = 1,2 [39] p. 214 ff]:

G. ) = dmyr? (13)

/i
The number of atoms n; bound in the islands can be calculated as [39, p. 214 ff]:

R

= 14
3er ( )

n;
Q) is the atomic volume of the individual grains. The free energy per atom pu; results from

the derivation of the free energy according to the atomic volume [39, p. 214 ff]:

- dGy 8myrdri 20y
Hi= dn; — Anridr/Q 7

(15)

If u is large, the atomic concentration is also large. The atoms are forced to migrate to
smaller p values. Above r; > rg, the free energy is u; < po. This means that atoms from
nucleus 2 migrate across the surface to nucleus 1. It is a transport mechanism in which no

direct contact between the nuclei is required [39, p. 214 ff].

Fig. 7B shows the coalescence phenomenon of sintering. Here, the grains must be in con-
tact so that a neck can form. Diffusion of atoms causes the neck to become larger and larger,
thus minimizing the surface energy of the system. The energy for atoms in the convex part
of the grains exceeds the energy of the atoms in the concave parts. As a result, an effective
concentration gradient develops between these two regions, which leads to mass diffusion in
the direction of the neck [39, p. 215 ff].

Fig. 7C shows coalescence due to collisions between individual grains. It is divided by
three different steps: C1 the grain migration, C2 the grain collision and C3 the formation
of the combined grains. The migration of grains takes place after the end of deposition. I.e.
in systems in which the mass of the deposit remains constant (conservative system). The
diameter of the grains is usually between 5 nm and 10 nm. If the substrate temperature is
high enough (min. 450K), these grains can migrate, which can lead to grain collision. The
coalescence of these conservative systems is characterized by a lower density of the grains,

their larger average volume and a lower coverage of the substrate [39, p. 217 ff].

3.4. Layer structure development

As the layer thickness increases, the surface develops according to the non-equilibrium pro-
cesses shown in Fig. 6. At the same time, as the deposition progresses, the layer volume also
changes to mainly three different main types and one transition zone of bulk structures within
the coating. The amount of thermally driven motion that takes place during layer growth
is decisive for the structure that forms. This is characterized by the ratio %i between the
substrate temperature T under working conditions and the melting temperature 7;,, of the

growing layer. At the same time, the resulting structure is also determined by the amount
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of additional energy supplied to the growth surface. The three different resulting structural
zones (Fig 8: Z1, Z2 and Z3), which are created during layer deposition, are shown in Fig. 8.

A intermediate transition zone ZT can also be classified between Z1 and Z2.

/1 LT /2 /3

Fig. 8: Schematical characteristics of the three basic structural zones as a cross-section during layer
deposition and one transition zone. The ratio of substrate temperatur Ts to layer melting
temperatur T}, increases in the direction Z1 — ZT — Z2 — Z3. The figure is based on [41]
p. 160].

In the following the different structural zones are described:

T
Tm

A is smaller than a, surface diffusion can be neglected. The layer then consists of inverted

If the ratio of substrate to melting temperature < 0.3 and the core diffusion length
conical columns with characteristic diameters in the order of a few tens of nm (Fig. 8Z1).
The cones end in domes on the surface (this increases with increasing layer thickness). The
cone structures are separated by voids with a size of a few nm. The columns have a low
crystallinity (many defects) or are ultimately amorphous. As the layer thickness increases,
the structures overlap, forming a collection of cones with wider cavities between them [39] p.
226 ff][41), p. 159 ff].

The transition zone ZT (Fig. 8ZT) occurs when surface diffusion processes are negligible,
i.e. A < a. Similar to Z1, it consists of defective columns, but the voids are smaller (~ 0.5 nm)
and there are no domes. The ZT structure occurs in energy-enhanced processes [39, p. 226
ff][41), p. 159 ff].

If the temperature ratio is in the interval {0.3 < 7= < 0.5}, the surface diffusion must
also be taken into account. The structure (Fig. 8Z2) consists of columns with narrow edges

and a characteristic diameter that increases with increasing

T,
columns are very dense and the surface often appears faceted. The Z2 structure can also

T;‘l. The grain boundaries of the

occur in amorphous films, but the column boundaries tend to be flatter [39], p. 226 ff][41l p.
159 ff].

73 occurs at :,?; > 0.5 (Fig. 823). Considerable annealing of the layer occurs during the
deposition process and considerable diffusion takes place at the surface. The Z3 structure
has isotropic or equiaxed crystallite shapes. Grooves can form at the grain boundaries in this
structure [39, p. 226 ff][41l p. 159 ff].
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The transition from one structure to another is not always abrupt with increasing %:Sn
This is because the transition temperature in the systems depends not only on the substrate,
but also on system parameters such as ion energy, ion flux, surface energy anisotropy or
the coating angle. A different structure can be detected at different layer depths due to the
possibly changing parameters. Amorphous coatings only have such a structure in the case of
inhomogeneity because they do not have a crystallographic pattern that defines a boundary

between the grains [41, p. 159 ff].
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4. Substrate materials

This chapter provides an overview of the biopolymers used in this thesis. A brief insight into
the definition of these polymers and a short introduction is necessary.

Plastics or polymers are nowadays used in many everyday objects. Examples include lap-
tops, smartphones, packaging materials and countless other things |2 B]. Polymers are com-
posed of macromolecules, which are usually linked by covalent bonds between the basic build-
ing blocks known as monomers. During the production of polymers, they are covalently linked
one after the other as recurring units until they are referred to as macromolecules. The prop-
erties relating to the interactions of the polymer depend on its macromolecular structure
[43][44, p. 4]. Most of the plastics used today are thermoplastics. For simple applications
such as packaging, for example, polyethylene or polyethylene terephthalate (PET) are used
[45, p. 4-7][46, p. 17-19]. Thermoplastics consist of physically linked or linearly branched
macromolecules and are subject to a series of reversible property changes due to temperature
fluctuations. They are hard at low temperatures and soften when heated to a plastic state
in which they can be deformed relatively easily. Most commercial polymers used in industry
are made of non-biodegradable material and are produced from crude oil. This leads to dis-
posal problems and environmental pollution, among other things because they are normally
broken down very slowly in the environment by natural microorganisms and enzymes [9]. A
fatal development with regard to plastic waste is also that the average size of plastic particles
in the environment is decreasing and so-called microplastics are being created. The environ-
mental impact of this microscopic waste is still poorly understood and the identification and
quantification of this is still part of scientific research [7), 47, [48].

In recent decades, due to environmental awareness and the implementation of increasingly
stringent politically motivated environmental regulations, more efforts have been made to
establish biopolymers [49]. As a result, they are becoming an increasingly important raw
material. A distinction is also necessary within biopolymers and is divided into three cat-
egories (Fig. 9). Firstly, plastics that are obtained from renewable raw materials but are
not biodegradable. Secondly, polymers made from renewable raw materials that are also
biodegradable, and thirdly, polymers that were involved in the extraction of crude oil but are
biodegradable [50, p. 21-29].

stable biodegradable
renewable resources Biopolymer ] Elmeiel .
renewable raw materials renewable raw materials
/ not biodegradable / biodegradable
oil-based Biopolymer
oil-based
/ biodegradable

Fig. 9: Classification of the different types of biopolymers. The figure is based on [50, p. 6].

The following two biopolymers were selected for this work due to their wide range of

industrial applications.



4 Substrate materials 31

4.1. Polylactide acid

CH, In
Fig. 10: Structural formula of PLA ([-OCH(CH3)CO—],).

polylactide acid (PLA) is a biodegradable thermoplastic polymer that is produced from re-
newable raw materials such as potatoes or cassava roots [10} IT], 12]. The chemical structure
of PLA is shown in Fig. 10 and consists of oxygen and carbon in the backbone and a methyl
group (—CHs3) as a side chain. PLA is mainly produced using two different manufacturing
processes. Firstly, PLA can be produced by fermenting biological materials such as starch
with the help of bacteria, fungi or cell cultures. On the other hand, it can also be synthesized
by condensation polymerization of lactic acid or by ring-opening polymerization of lactide
with the help of a catalyst. Production by fermentative processes accounts for the majority
(70 — 90%) of the production volume [50), p. 103-108][51]. PLA has a pore structure due to

the manufacturing process. Such a pore is shown in an AFM image in Fig. 11.

Fig. 11: Production-related pore of PLA, shown in a 3D AFM image.

Due to the thermoplastic character of PLA and numerous industrial processes, it can
be used in a wide range of application [50, p. 187-194][52]. As PLA is biocompatible, i.e.
compatible with biological substances, it can also be used in medical applications [53]. Due
to its optical transparency, it is also used in the food industry as a packaging material or in the
textile industry. [I0]. For the present PLA the CA of 79.64° and a water vapor permeability
of 122 g/(m? - 24 h), which severely limits its range of application in food packaging [54].
It also has a melting range of 170 — 180 °C and a heat deflection temperature of 55 °C.
The glass transition temperature is around 60 °C. This is comparable to PET [52] [55], and
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outlines the temperatures at which PLA can be further processed. PLA film with a thickness
of 50 um was delivered in industrial quality from Goodfellow GmbH, Friedberg, Germany

and were cut to 10 X 5 ¢m pieces.

4.2. Polyhydroxybutyrate

Fig. 12: Structural formula of PHB ([-OCH (CH3)CH,CO-],,).

Polyhydroxybutyrate (PHB) is a biodegradable thermoplastic polymer. It is produced from
renewable resources and is a polyhydroxyalkanoate (PHA). The structure of PHB is shown in
Fig. 12 and, similar to the structure of PLA, consists of oxygen and carbon in the backbone
and a methyl group (—CHs) as a side chain. PHB is obtained from fermentative produc-
tion processes. This usually involves the use of sugar and starch, which are processed by
microorganisms [9, p. 3-7]. PHB serves as an energy and carbon store for the organisms. Two
different types of microorganisms can be used. One type produces PHB continuously and
the others produce PHB only when the substances required for their growth are lacking but
there is an excess of carbon [50, p. 121-128]. PHB can be hydrolyzed by extracellular PHA
depolymerases, and the cleavage products are then used by many organisms as a source of
carbon and energy, as described above. PHB is therefore degraded without residues. Some
microorganisms are able to degrade 90% of a PHB film at 50 °C after five days [50, p. 121-
128][56]. As PHB, like PLA, has good body compatibility and biocompatibility, it is also
used for medical products [53, 57]. Another area of application for PHB is the packaging
industry, where it is also used for foodstuffs. It also has a melting point of about 179 °C and
a glass transition temperature of 60 °C' [58, [59]. An industrial grade PHB blended film with
a thickness of 25 um and a content of 8% polyhydoxyvalerate was supplied by Goodfellow
GmbH, Friedberg, Germany, and cut into 10 x 5 cm pieces. The present PHB appears milky
and has a measured CA of 74.95°.
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5. A general overview of amorphous hydrogenated carbon layers
(a-C:H)

In this section, the deposited amorphous hydrogenated carbon (a-C:H) layer is examined
in more detail and the fundamentals are explained. The a-C:H deposition mechanism is
described. In particular, how a layer is deposited on a polymer surface and which conditions
are involved in the process. Finally, the experimental details and the coating process are

described and the interaction between polymer and coating is examined.

5.1. Definition of a a-C:H layer and the cluster network

a-C:H is a metastable form of amorphous carbon, which consists of differently hybridized car-
bon atoms in which hydrogen could be incorporated. First, the different hybridization states
are shown in Fig. 13. The 2s and the different 2p orbitals of the carbon form the so-called
sp3-, sp?- and sp'-bonds [14][60, p. 3 ff].
In the sp3 configuration, the four valence electrons of a carbon atom are each aligned tetrahe-
drally, as in a diamond (C—C). One electron from the 2s orbital and one from the 2p orbital
change to an energetically more favorable hybrid. The four resulting hybrid orbitals are ori-
ented with the greatest possible distance to each other in space, which corresponds to the
tetrahedral structure (109.5°). As a result, the electron (or electron orbital) binds covalently
(0-bond) to another neighboring carbon atom [14][60, p. 3 ff].

sp? configuration (C=C) occurs when two of the three available 2p orbitals are involved
in the hybridization of the 2s-orbital. The third p-orbital remains in its original state. The
sp?-hybridized carbon atoms can form covalent bonds with each other, which are then on
the same level and form a trigonal structure. The hybrid orbitals are located in a plane with
an angle of 120° to each other, which corresponds to the bonding of graphite. The fourth
electron (in the uninvolved p-orbital) is in a 7-orbital that is perpendicular to the o bonding
plane. This m-orbital forms a weaker m-bond with a m-orbital on one or more neighboring
atoms [14][60} p. 3 ff].

The s-orbital hybridizes with only one of the three p-orbitals in the o orbital (sp'). The
two m-orbitals are perpendicular to it. Two sp!-hybridized carbon atoms can form a triple
bond (C=C) with each other.

sp3 sp2 sp'
Fig. 13: The three carbon hybridized bonding sp*, the sp? and sp'. The figure is taken from [14].
Amorphous carbon layers offer an extreme variety of different disordered structures. On the

one hand, the combination of the three different hybridization states sp', sp? (graphite-like)
and sp® (diamond-like) and, on the other hand, the possible integration of hydrogen into
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the carbon compound [14]. Fig. 14 shows the so-called ternary phase diagram of carbon by
Jacob and Moller [61]. It is used to classify the different types of amorphous carbon layers
depending on their sp?/sp® ratio and hydrogen content. The hybridization states are also

strongly dependent on the hydrogen content of the layer; the H content can be between less

than 10% and 60% [14} [19] 20, [62].

3

sp

PLC

)

HC
polymers

sp’ 4 / —

graphitic C DLC no films

glassy carbon

Fig. 14: Ternary phase diagram of bonding in a-C:H. The different categories of carbon layers, clas-
sified on their sp?, sp® and hydrogen content is shown. a-C:H is highlighted by a red circle.
The figure is based on [19].

The chemical composition of the layer (sp?, sp® and H content) fundamentally influences
the properties of a layer. If the sp? bonds dominate, the layer has diamond-like properties
and is hard, chemically inherent and has a high electrical resistance. If, on the other hand,
the layer contains sp?, the properties are similar to those of graphite, the layer is soft, more
flexible and has a high conductivity. Layers with no or very low hydrogen content are also
referred to as a-C layers (amorphous carbon, Fig. 14 gray area); if the sp3 content is very
high, they are referred to as ta-C (Fig. 14 green area). Diamond-like carbon layers (DLC,
Fig. 14 red circle) are part of the hydrogenated carbon layers (a-C:H) [14, [19]. The hydrogen
content passivates the dangling bonds of the amorphous structures, thereby influencing the
density, hardness and electrical and optical properties of the layer. The stress in the layer is
also influenced by the hydrogen, as the residual stress decreases with an increasing number of
C-H bonds [20} 62, [63]. A reduction in the H content leads to a higher structural disorder; if it
is still a layer with a high density, these layers are mechanically highly stressable [17, (64 [63].
The main layer types from Fig. 14 are described below, the list follows a descending sp®
content.

Tetrahedral amorphous carbon layers (ta-C, green) whose sp® content is up to 90%. sp?
bonds are impurities for the sp? network. Due to the strong covalent bonds between the sp?-
hybridized carbon atoms, they usually have a high hardness between 60 GPa and 80 G Pa.
At the same time, these layers have a high density in the range of approx. 3.0 g/cm? [14} [19,
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20][60, p. 8 f][65], 66]. The hydrogenated counterpart is tetrahedral amorphous hydrogenated
carbon (ta-C:H, orange). The H content makes the layer softer (approx. 50 GPa) and the
density decreases to 2.4 g/cm? [14} [19, 20][60, p. 5 ff][66]. The a-C:H layers form one of
the most hydrogen-containing layers (a-C:H, red circle) and range from polymer-like carbon
layers (PLC, in the upper part) to diamond-like layers (DLC, in the lower part). The fraction
for sp3 bonds is between 30 — 60% The hydrogen fraction is between 25% and 55%. This
generally leads to a soft layer, whereby the hardness is below 10 G Pa with a low sp® content
and 10 — 20 G Pa with a higher sp? content. The density varies between 1.6 — 2.2 g/em? for
low sp® and between 1.2 — 1.6 g/cm? [14], 19, 20][60, p. 5 ff][66]. Graphitic carbon (C=C,
gray) has the largest proportion of sp? bonds and has little to no sp® or H bonds. The sixfold
rings are layered on planes. The bonds between the layers are weak. Open rings, distorted
bond angles and possibly adherent sp? bonds are examples of impurities in the layer. Due to
the high C content, their density is 1.2 — 1.6 g/ecm? with a hardness of 20 — 30 G Pa. The
graphite-like carbon layers (GLC, magenta) represent the hydrogenated form with a density
of 2.2 g/em3 and an hardness of 5 G Pa [14} 19, 20][60, p. 10 ff][66]. Hydrocarbon polymers
(HC polymers, light blue) form the layers with the highest hydrogen content, while the sp?
and sp® content is relatively low. This results in amorphous chains of carbon and hydrogen
atoms that are connected to each other and are very unstable due to the low content of C-C
bonds. At a hydrogen content of more than about 65% no layer is formed [14), 19][60, p. 56

Fig. 15: a-C:H network according to the cluster model. sp? clusters are embedded in a sp® matrix
consisting of C-C and C-H bonds. The figure is taken from [14] 65].

Since only a-C:H layers are used in this work, the structure is illustrated here using the
cluster model. In Fig. 15 such a model is shown schematically. The structure consists of
a graphitic cluster made up of sp?-bonded carbon in the form of sixfold rings. These are
arranged in planes and embedded in a matrix of sp3-bonded carbon. The sp? clusters are
restricted to single six-fold rings and short chains of sp? sites [I4, 17, 19, 65, 67]. The com-
position of the cluster model clearly shows that the distribution of the sp? fraction and the
organization of the sp? matrix influence the layer properties [68]. A short- to medium-range

order in the order of approx. 1 nm is predominantly recognizable [19] 65].
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5.2. Physical aspects of the a-C:H deposition mechanism

The formation of sp® bonds is a key property for a-C:H layers, so the growth mechanism is
described in more detail by the so-called subplantation process. However, only high-energy C*
and H™ ions with 10 — 1000 eV are involved in this process, as low-energy ions (< 10 eV') do
not have enough energy to penetrate the surface. Low-energy C" ions adhere to the topmost
layer, where they either form sp? bonds or are reflected back into the plasma, depending
on the adhesion coefficient. Passivation allows low-energy H™' ions to adhere to dangling
surface bonds. High-energy CT and H™ ions on the other side can penetrate directly into
the subsurface sites, losing their energy through elastic collisions with the target atoms (core
stop) [14}, [19] 66 [69]. The higher the ion energy, the deeper they can penetrate into the

surface [69].

ion subplanation relaxing
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Fig. 16: Schematic sketch of the subplantation processes that occur during growth of the a-C layer
by energetic ions. A shows direct penetration and B knock-on of surface atoms. C shows
the relaxation of the densified region. The figure is based on ref [14].

The two different ways in which a subplantation process takes place are shown in Fig. 16.
These processes are referred to as direct penetration and bumping. During direct penetration
(Fig. 16A), ions can penetrate directly through the surfaces into the near-surface material.
During collision (Fig. 16B), the ions transfer their energy to a collision partner in the area
near the surface, which in use penetrates deeper into the layer and contributes to an increase
in density below the surface. The energy released by the ions is used to integrate the ion
itself into the layer, which occurs through the emission of phonons in the lattice (thermal
dissipation). Alternatively, the energy loss is achieved by converting it into thermal energy.
The volume into which this thermal energy is introduced is very small. This is called thermal

spiking. This local heating leads to thermal diffusion, which spreads out in a spherical shape
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(Fig. 16C). In this relaxation process, the energy is dissipated as phonons (heat production)
and the energy is distributed to all atoms within the volume [14} [19].
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Fig. 17: Deposition processes for the growth of an a-C:H layer: a ion subplantation processes, b
generation of dangling surface bonds by ion collisions, ¢ generation of dangling surface bonds
by abstraction of hydrogen atoms, d hydrogen abstraction from the subsurface, e passivation

of free dangling bonds in the subsurface by hydrogen and f passivation of dangling bonds
by hydrocarbons. The figure is based on refs [14] [66].

Ton subplantation is also shown schematically in Fig. 17a. It can be seen that other a-C:H
growth mechanisms are known and take place. For example, carbon ions can abstract and
form free dangling bonds after hitting the surface (Fig. 17b) instead of subplantating. Free
dangling bonds can also form when hydrogen atoms (Fig. 17c) react with hydrogen bound
in the layer and form molecular hydrogen. Hydrogen ions can also penetrate the surface and
reach the subsurface. On the one hand, they can be desorbed and abstract other hydrogen
atoms, creating free dangling bonds (Fig. 17d) - the resulting Hs molecule then leaves the
layer again. On the other hand, penetrating hydrogen atoms can passivate free dangling bonds
(Fig. 17e). Since hydrocarbons such as C'H and C'Hs are too large to penetrate the surface,
dangling bonds can be passivated by attachment of these species (Fig. 17f). The attachment
leads to the formation of sp? states [14) 66].

5.3. Experimental details of the coating process

a-C:H layers can be deposited using different methods, which can be divided into two main
categories. The first is physical vapor deposition (PVD) and the second is chemical vapor
deposition (CVD). There are a variety of PVD methods in which a process converts a solid
starting material into a vapor phase and then condenses it back into a solid phase. Examples
of PVD processes include electron beam evaporation, arc evaporation, sputtering and pulsed
laser deposition. These processes are usually used to apply a-C layers [14], [70, [71]. In the
CVD process, on the other hand, chemical reactions of gaseous reactants take place on a
substrate surface. In the CVD method, the molecules of the reactant gas are dissociated
by applying external heat [72]. Radio-frequency plasma-enhanced chemical vapor deposition
(RF-PECVD) is a special form in which the gases are excited by a high-frequency field

in a high-vacuum chamber. This deposition method was used in this work. An HF-driven
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COPRA DN 400 (CCR GmbH, Troisdorf, Germany) was used as the plasma source. The
COPRA is an inductively coupled HF discharge (13.6 M Hz) with a single winding and a
superimposed static transverse magnetic field. The transverse magnetic field generates two
circularly polarized waves, one of which is resonantly coupled with the plasma. This results in
a high absorption of RF energy and highly ionized plasmas with a density of about 10'3 em ™3
and at the same time a low working temperature [37, [73, [74]. The working group [15}, 16}, 24]
and others [I4) [74] have shown that the process temperature is always below 40°C. This

means that temperature-sensitive polymer substrates can also be treated.
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Fig. 18: Schematic illustration of the two different deposition processes. In A, the substrate surface
points directly (0°) to the plasma source, which generates sp® rich layers. In B, the substrate
surface faces away from the plasma source by 180°. The layer deposited in this way is sp?
rich.

Preliminary studies from the research group [15] 16}, 21] 22, 24] as well as other research
groups [19, 20] have shown that there are two different types of a-C:H layers, which are shown
in Fig. 18. In Fig. 18A the direct coating is displayed, the substrate is at an angle of 0° relative
to the sample. A large number of high-energy ion species hit the substrate surface and are
subplanarized. The subplantation processes that take place lead to a higher degree of cross-
linked sp? hybridization and thus to a harder (more robust) coating [19, 20]. In the literature,
this is also referred to as r-type deposition [I5] [16]. In the indirect deposition process (18B),
the substrate surface faces away from the plasma source and is offset from the plasma source
by 180°. As the component of the particle momentum parallel to this surface is increased,
increased diffusion processes take place on the substrate surface. The impinging particles
therefore only reach the surface indirectly and consist of more radical and neutral species
than energetic ions [I5] [66, [69]. This showed that the geometry of the coating is a decisive
factor for the chemical composition, in particular the sp?/sp? ratio of the a-C:H layer. These
different processes were utilized to develop an angle-dependent coating. The sp?/sp? ratio of
a thin a-C:H layer is controlled by varying the coating angle. This results in a customized
coating. The chosen coating angles were 0°, 30°, 60°, 120°, 150° and 180°. Fig. 19 shows the

experimental setup that is used.
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Fig. 19: Schematic representation of the angle-dependent coating process used in this work. The
substrate was positioned between 0 and 180° in 30° steps in front of the plasma source
in order to analyze the angle-dependent deposition mechanism. The center of the samples
marked with a black dot is the pivot point. The distance between the pivot point and the
plasma source was 275 mm. The figure is based on [75].

The two different substrate foils (PLA/PHB) cut into 10 x 5 ¢m (described in chapter 4)
were clamped in self-made aluminum sample holders. These were attached to a self-made
device at angles from 0° to 180° in 30° steps in front of the source. The distance of the pivot
point of the samples was always 275 mm away from the plasma source. As no significant
change in the surface could be observed at a treatment angle of 90°, this is not considered
further below. The angle-dependent deposition process takes place in two steps. First, the
surfaces were pretreated with an oxygen plasma at the corresponding coating angle (Os
purity: 6.0). The 10 minute pretreatment took place at a pressure of 1 Pa with an Oy flow
rate of 60 sccm/min at a power of 200 TW. This process was initially considered only as surface
cleaning and activation, but in this work it was revealed in more detail and found that changes
also occur in the permeability of the polymers. The substrates were then coated with a-C:H in
a second plasma process. Acetylene (CoHj) with a purity of 2.6 (containing acetone as solvent)
was used as precursor gas as carbon and hydrogen source. The coating process took place at a
pressure of 0.65 Pa with a Cy Hy flow rate of 60 scem/min at a power of 107 . Different layer
thicknesses were achieved by varying the coating time. The carbon plasma deposition rate by
direct coating is ~ 10 nm/min; that for the indirect coatings is ~ 2 nm/min. The respective
deposition times of 2.5, 5.0, 7.5 and 10.0 min resulted in corresponding a-C:H thicknesses
of 25, 50, 75 and 100 nm for direkt coating (0°). The obtained depositions were verified by
measuring a film edge on a semi-coated silicon wafer with a profilometer (Veeco Instruments
Inc., Dektak3 surface profile measurement system, Plainview, NY, USA). A silicon wafer (111,
Silicon Materials, Kaufering, Germany), which was partially covered with vacuum-suitable
and residue-free removable Kapton tape (Hi-Temp Masking Tape, Elegoo Inc., China), was

applied and coated together with the polymers on the aluminum holder. As silicon is a hard
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material that does not form an intermediate layer, it serves as a reference for the applied

layers. The coating thickness can be determined on the basis of the resulting coating edge.

5.4. a-C:H coatings on plastic materials

The deposition process of an a-C:H layer onto a polymer surface using RF-PECVD offers
three different possibilities how the a-C:H layer interacts with the polymer. The possible
interactions are shown in Fig. 20. Depending on the deposition process and the specific
polymer, the mechanisms can be different [I5]. The simplest case is the direct deposition
of the a-C:H onto the surface of the polymer without further interaction, which is shown
in Fig. 20A. The layer simply adheres to the polymer surface and does not form a direct
bond. This makes it easy to remove [I5]. An example of this is polyoxymethylene, where the
bond between the a-C:H layer and the polymer is only weak [76]. In the second case (Fig.
20B), not only deposition but also erosion processes take place on the surface of the polymer.
On the one hand, the impinging plasma species deposit a layer on the substrate surface,
but on the other hand they also continuously erode both the substrate material as well as
the deposited layer. The deposited coating therefore consists of a thin layer that is mainly
composed of its own carbonization products [I5]. In the last possible process in Fig. 20C, it is
assumed that an intermediate layer region forms between the substrate material and a-C:H.
This mixing phase leads to a stable combination of both materials through a gradual density
rearrangement from the polymer substrate to the a-C:H layer. This means that the interlayer
region increases until the pure a-C:H layer starts. The intermediate layer is complete when
no further surface material of the polymer can be removed and can no longer be achieved
by impinging. The dominant material detectable on the surface changes from the polymer
substrate to the a-C:H layer and is dependent on the layer thickness. Overall, this process

leads to a lower thickness of the pure a-C:H layer [15].

A B C
a-C:H layer a-C:H layer
e interlayer
substrate substrate substrate

Fig. 20: Illustration of the three possible interactions between a general polymer substrate and the
plasma-based a-C:H deposition: A shows the direct deposition of the a-C:H layer on the
polymer, B shows the erosion of the polymer and the a-C:H layer during deposition, and C
shows the formation of an interlayer between the polymer and the a-C:H layer. The figure
is based on [I5].

For the substrate polymers PLA and PHB used in this work and presented in chapter 4, it
has already been established that interlayer formation is proven. For PLA, an intermediate
layer with a thickness of ~ 40 nm could be determined in the RF-PECVD process used here.
A slightly smaller interlayer of ~ 20 nm was determined for the PHB film [2§].
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6. Experimental techniques

In the following chapter, the measurement methods used in this work to investigate the prop-
erties of the coatings produced are presented in detail. A goniometer was used to specify the
wettability of the coated and uncoated surfaces of the samples. This also allowed conclusions
to be drawn about the surface free energy and the contact angle hysteresis. To obtain informa-
tion about the permeability of the coating, the water vapor transmission rate was measured.
To analyze the molecular composition of the samples, the surface was examined using in-
frared spectroscopy and X-ray absorption spectroscopy such as X-ray near-edge absorption

spectroscopy and X-ray photoelectron spectroscopy.

6.1. Contact angle (CA)

The interphase between a liquid and a solid forms an angle between the liquid surface and the
contour of the contact surface; this is referred to as the contact angle (CA) 6 [77]. For surfaces
the CA is measured from a drop of a suitable liquid resting on a surface; Fig. 21 illustrates the
measuring method schematically. This is measured on a macroscopic level and the average
wettability of the surface is characterized. The capillary effect, roughness and baseline are
decisive factors here. On a microscopic level, contact angles examine the interaction of the
microscopic area at the contact line 78], [79] [80]. This provides information on the interaction
between the substances and therefore on the wettability, surface energy /properties and surface
topographies of a sample. The surface free energy is determined by chemical bonds on the
surface. For example, different hybridization states of the carbon on the surface are decisive
[14), 811, [82], 183, [84), [85., [86].

The measurements were carried out with a OCA 15EC goniometer (DataPhysics Instruments
GmbH, Filderstadt, Germany).

a b c
------ 214 A~ O @
L | L/ | N |
hydrophilic hydrophobic superhydrophobic

Fig. 21: Schematic of different levels of wettability on surfaces. a shows a hydrophilic, b two different
hydrophobic and ¢ a superhydrophobic surface. The figure is taken from [87, p. 471-473].

If the liquid is very strongly attracted to the solid surface, as for example, water on a
hydrophilic solid, the droplet will completely spread out on the solid surface and the CA will
be close to zero degrees, shown in Fig. 21a. Less strongly hydrophilic solids will have a CA
up to 90°. If the solid surface is more hydrophobic, the CA will be larger than 90° (Fig. 21b).
Surfaces with a CA greater than 120° are called superhydrophobic Fig. 21c. On these surfaces,
water droplets simply rest on the surface, without actually wetting to any significant extent.
The CA thus directly provides information on the interaction energy between the surface and
the liquid [79, B4]. Using the simplified planar geometry of Young-Dupré equation can be

written as:
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0=1"sv — st — YLy - cos(O) (16)

With gy as the solid/vapour surface tension; ygz, as the solid/liquid surface tension; vz
as the liquid/vapour surface tension; © as the CA [77, [78, [88]. The relationship between the

variables in Eq. 16 is illustrated in Fig. 22 for visualization.

Yiv

Ysv VsL

Fig. 22: CA © of a drop of liquid deposited on a solid sample. The tensions of solid/vapour ygy,
solid/liquid 7sz, and liquid/vapour ~y are shown. The figure is based on [88].

Later, Young eliminated the vapor interactions from the equation, resulting in Eq. 17

0=19s —7vsL — 7L - cos(O) (17)

With g is the solid surface free energy (SFE) and 77, the SFE of a measuring liquid.

6.1.1. Surface free energy (SFE)

As there is no known method for direct determination of the SFE, it is determined indirectly.
This is done by observing the interaction of different solvents and their interaction with the
surface. As a basis, the interfacial tension vgy, (Eq. 17) was first calculated by Good-Girifalco
and then by Fowkes using the two surface tensions g and r and the corresponding interac-
tions between the phases. The interactions were described as the geometric mean of a disperse
component yg and vg of the surface tension. ®;; was added as a dimensionless function of the
thermodynamic state of the system (between 0 and 1). The dispersive interaction temporarily
leads to asymmetrical charge distributions (Van der Waals interactions). Polar corrections
were estimated by Fowkes, but no systematic method for their treatment or determination
has been proposed [89], 90, 9], [92]. This results finally in:

YsL =7s + 7L — 2+ Pary/vd + (18)

Owens and Wendt modified Fowke’s Eq. 18 and assumed that polar interactions 77 and
% are considered connected [91], [93]. This results in the following equation:

YsL =5+ =2\ +E—2- /5 +F (19)

The combination of Eq. 17 with Eq. 19 results in the following relation:

\/’yg—i-vg—k\/’yg+V€:0,5-’yL(1+cos@) (20)

As 'yg and ) are unknown, the contact angle of at least two different measuring liquids

must be measured. It is important that one liquid has a high electronegativity difference
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around the polar component (e.g. HPLC water) and one with a predominantly non-polar
component (e.g. diiodomethane). This results in two equations in the form of Eq. 19 with

different values for the constant coefficients. The result is two linear systems of equations:

x4+ ay = b(1 + cosOy) (21)
z + cy = d(1 + cosO3)

With z = (72)%% and y = (7%)%%; ©1 and ©4 as CA of the two different liquids and a — d
as coefficients dependent on these liquids [92]. Kaelble and Rabel took this as an opportunity
to divide a variety of substances into their polar and dispersive components [94] [95]. This
is the name given to the standard method for calculating the surface free energy of a solid
from the contact angle with several liquids according to Owens, Wendt, Rabel and Kaelble
(OWRK).

Because SFE is based on CA analysis, the above-mentioned influences such as morphol-
ogy also play a decisive role. Chemical bonds and hybridization states are also of decisive
importance. An sp3-terminated surface has a high SFE due to its strong covalent character.
A strong polarity leads to lower contact angles and increased hydrophilicity. In compari-
son, the SFE of an sp?-terminated surface is lower due to the weak polarity of the dangling
bonds. Therefore, an sp?-rich surface has a higher contact angle than an sp3-rich surface
[14), 80, 82, 86, [96]. If free dangling bonds on the surface are saturated with hydrogen - C—H
bonds are formed, a polar interaction between the sample surface and the water is reduced -
the surface becomes hydrophobic [83] 84], 85]. The formation of functional oxygen groups on
the surface leads to more polar bonds and thus to an increased attraction for polar solvents,

e.g. water - the surface becomes hydrophilic [81] [97].

Table 1: The polar vy, and disperse 4 components of the five liquids used in this work: water, ethylene
glycerol, formamide, 1-bromonaphthalene and diiodomethane. Sorted by decreasing polar

fraction.
water ethylene  formamide  dilodomethane  1-bromon-
glycerol aphthalene
mN/m]  [mN/m]  [mN/m]  [mN/m] [mN/m]
Vo 47 21 29 3 0
Yd 26 26 28 47 44

6.1.2. Contact angle hysteresis (CAH)

The static CA (section 6.1) describes the state at equilibrium, i.e. at rest. In addition to
the static CA, a dynamic CA can also be determined. In a dynamic CA measurement, the
droplet repeatedly wets an dewetted surface with the liquid front. This is called advancing
CA (ACA). The ACA provides information about the fluid mechanics on a freshly wetted
surface, i.e. about the dry-wetting behavior of a liquid or a surface. The droplet can also be
removed from the wetted surface, i.e. the surface is dewetted. Dewetting when the droplet
shrinks is referred to as receding CA (RCA). This provides information about the adhesive
forces between the liquid and the surface. The difference between the ACA and the RCA is
referred to as CA hysteresis (CAH).
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CAH = 0O 04 — Orca (22)

The CAH is a measure of the mobility of a droplet on the surface and a means of evalu-
ating the macroscopic method roughness of the sample [80, 98] [99]. There are two common

methods for wetting and removal.

Vdropret

SN

a

Fig. 23: ACA and RCA of a droplet running off on a tilting surface. The figure is based on [100].

On the one hand, a drop of water can start to roll off hydrophobic surfaces by tilting the
sample. The surface is tilted until the angle « is at the stability limit and the drop just starts
to move, which is shown schematically in Fig. 23. Just at this moment, the ACA and the
RCA can be measured and results in Eq. 23 [100, [101]:

sina = C -7 (cos(Orca) — cos(Oaca)) (23)

With ~ as the SFE of the liquid and C' as a multifactorial constant that takes into account
the liquid density drop shape and gravity [100].

On the other hand, the method of increasing and decreasing the volume of a droplet so
that the ACA and RCA can be accommodated. Fig. 24 illustrates this principle. For this
purpose, a static drop is placed on the surface (Fig. 24a) and is enlarged by filling up the
water volume (Fig. 24b). Initially, the contact line of the droplet with the surface (this is
called the baseline) remains constant until the surface tension is overcome and the baseline
increases (Fig. 24c). As the baseline expands, the ACA can be measured, which remains
stable. The situation is similar when receding. Initially, the baseline remains the same as the
volume decreases (Fig. 24d), until the adhesion forces of the surface are no longer sufficient
and the baseline is reduced (Fig. 24e). the RCA can be measured, which also remains stable.

This process can be repeated several times [102].
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b) CA & volume increase c) CA const.

Ejislatie daop baseline b const. b & volume increase

/)

6 ACA

d) CA & volume decrease ) CA const.
b const. b & volume increase

a1 KFIN
£ RCA

Fig. 24: Model ACA and RCA measurement by variable drop volume. a small static drop is deposited
on a surface with needle in. b Liquid is pumped into the drop and volume increases while
the baseline b (white line) is constant. ¢ The volume increasing, the CA is stable and the
baseline starts to advance - the CA is the ACA. d Liquid is resumed of the drop and volume
decreases, while the baseline is constant. The CA decreases - it is not the RCA. e the volume
of the drop and the baseline decrease and the CA stays constant - the RCA is reached. The
figure is based on [102].

This method was mainly used in the present work. The static output drop was 1 ul HPLC
water. The volume was then increased by 5.0 ul with 0.2 ul/s and reduced by 4.5 ul after
1 s with 0.1 pl/s. Since the drop volume is subject to an evaporation process at room
temperature, leaving 0.5 ul at each cycle ensured that the needle was in the drop. The
receding speed was reduced because the baseline change at the RCA and the volume interval
used changes at 4.0 ul. An increase in the drop volume was not possible with the analyzed

image section.

6.2. Water vapor transmission rate (WVTR)

The water vapour transmission measurement is a gravimetric method and by definition de-
scribes the penetration of water vapour through a volume with a standardized area of one
m? over a period of 24 h under defined test conditions. Fig. 25 shows the schematic setup
of such a measurement. The sample holder is a dish filled with HPLC water and the sample
is pressed against it by means of seals and a screw ring. This means that the inside of the
dish - called the wet chamber or absorption chamber - is sealed off from the test chamber
by the clamped sample. When the system is heated, the humidity in the absorption chamber
begins to rise and transports through the test surface/volume into the test chamber. The test
chamber is continuously monitored using a humidity sensor. At the same time, the weight
of the tray is measured at regular intervals. The WVTR is determined by the difference in
humidity and the difference in mass of the tray. I.e. the WVTR is not a material constant
and always related to the thickness, the test surface, the density and the properties of the
material and the surface [103], 104].
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test chamber

38°C
humidity sensor
—— a-C:H layer
seal clamp mask / sample

|4

10 ml distilled water

Fig. 25: Sketch representation of the measuring conditions for WVTR measurements. Shown is the
test chamber with the moisture sensor, the scale and the tray with water sealed off by seals,
a clamp mask and the sample. During the measurement, the treated and coated side faces
the water.

The WVTR measurements were performed with a W3/031 Water Vapor Transmission Rate
Tester from Labthink (Labthink GmbH, Neu-Isenburg, Germany). The measuring area of the
sample is 4.91 e¢m?, clamped in a customized adapter in a sealed test dish with 10 m{ HPLC
water, with treated sample surfaces facing the water reservoir. The test temperature is 38°C'

and a relative humidity difference of 90 % RH is created between the two sides of the sample.

The WVTR W of the coated samples is a combination of different WVTRSs; on the one
hand the permeability of the substrate Wy and on the other hand the applied a-C:H layer
W,;. Assuming that the substrate and the coating are homogeneous, the WVTR is inversely
proportional to the thickness W = 1/d [103]. This means for the layer-system:

Ws _di
Wi ds
To obtain the total permeability, the reciprocal values of the WVTRs must be added

together [103].

(24)

Ws'VVl

Weszi
I W+ W

(25)

6.3. Scanning electron microscopy (SEM)

An SEM scans the surface of a sample with an electron beam and generates an image by
observing different interactions between the beam and the sample. Fig. 26 shows the schematic
representation of the lens and condenser system. The process takes place in a vacuum to
minimize errors in the electron beam caused by foreign atoms. The electron beam is generated
by a hot cathode, usually a tungsten heating element. The free electrons are accelerated
towards the sample in an electric field in a so-called Wehnelt cylinder. The acceleration
voltage is several kV. The beam is directed and focused with a lens system of magnetic or
electrostatic coils in such a way that the sample is optimally hit. The coils are then used to
guide the beam over the entire sample, which can then be scanned step by step. When the

beam hits the sample, two different types of interaction occur between the electron beam and
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the surface. On the one hand, the primary beam can be reflected by the surface and on the
other hand, secondary electrons from the surface can be triggered. The secondary electrons
are released from the upper layers of the sample and are of lower energy. The electrons are
detected by detectors and a grayscale image of the surface topography is created [105], p. 24

cathode
| | Wehnelt cylinder
anode
—_— —
1st condensor lense
S| | B
ey —
2nd condensor lense
e | B
' s objective lens
1 1 for imaging/screening
‘electron detector
—

sample

Fig. 26: Schematically sketch of the operating principles of a SEM. The figure is based on [105] p.
24 1.

For the morphological investigations in this work, an SEM515 device from the Phillips
company at the Koblenz University of Applied Sciences, RheinAhrCampus Remagen, was
used. The operating acceleration voltage was between 10 — 20 kV at an average distance of
20 mm. Since non-conductive polymers are subject to the effects of charging by the electron
beam in the SEM, the samples were previously coated with a conductive gold layer with a
thickness of approximately 17 nm. The low layer thickness ensures that the imaged surface can
be assigned to the sample surface. The images can be used to collect macroscopic information
about the surface. For example, whether there are manufacturing-related inclusions in the
samples, whether a layer has been applied and whether it is detached, intact, wavy (so-called
cord buckling) or cracked [106] [107].

6.4. Atomic force microscope (AFM)

Atomic force microscopy (AFM) is a method to investigate the topography of a sample sur-
face. The material itself is irrelevant for the topography. It can be hard or soft, synthetic
or natural (biological structures such as cells and biomolecules are included). Furthermore,

it is independent of opacity or conductivity. The sample is imaged at ambient air and room
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temperature. The typical resolution range of this measurement method is several microm-
eters vertically with subnanometer height resolution [I08, p. 1 ff.]. The function is shown

schematically in Fig. 27.

photo-detector

cantilever
tip
sample surface

Fig. 27: Schematic illustration of the core components of the AFM: cantilever with the tip, laser with
the beam directed at the cantilever, photo detector.

The tip is attached to a flexible cantilever. This can be bent under the influence of force.
Consequently, the tip is mounted like a spring and can swing upwards freely. The laser
beam is reflected by the cantilever. The reflected beam is then measured with the aid of
a divided photo-diode acting as a detector. Displacements of the cantilever are detected
accordingly on the photo-diode vertical tip movement is identified by vertical displacement
of the laser point. If the laser point moves horizontally, the tip or cantilever is twisted by
lateral forces. The surface morphology can now be achieved by direct contact of the tip with
the surface or indirectly by feeling the surface forces [108, p. 5 ff.]. Controlled by piezoelectric
components, the cantilever and tip can be moved laterally over the sample surface in x- and
y-direction. Electrical potentials are applied and converted into mechanical movements by
electromechanical converters. This allows a lateral movement of the cantilever. Due to the
different height profiles, the cantilever bends up or down during such movements. During
the scanning process, the height shift (z-displacement) is compensated by a feedback system,
whereby the contact force of the tip on the surface is kept constant [108, p. 93 ff.]. As already
described, the cantilever behaves like a spring, so its displacement Ax can be described by
the Hook’s law with the normal force Fy [35] p. 103]:

Fy=D-Ax (26)

D is the spring constant. The vertical spring constants of cantilevers commonly in the range
of 1072 % to 102 % respectively % [108], p. 5]. Since the tip has to be close to the surface,
two phenomena can occur as a result of attraction forces. First, the tip jumps to the surface
or second the tip jumps off the surface. In order to prevent this, the contact force between
tip and substrate is recorded with software during the entire image acquisition process and

displayed in a force-distance curve [108] p. 106 ff.].
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Fig. 28: Force-distance curve for AFM system: The interaction force when approaching the tip is
represented by the red line. The blue line shows the retract of the tip. 1 shows the pull
over, 2 shows the tip jumping towards the sample. 3 shows the maximum force increase and
represents the turning point at which the tip is pulled out of the sample. 4 shows the tip
retracting from the sample.

The force-distance curve shows the interaction force between tip and surface as a function
of the distance. The tip is lowered onto the sample with a defined force and removed again.
This allows conclusions to be drawn about different properties of the sample or surface area.

The approach phase is shown in red in Fig. 28 1. When the tip approaches the surface, it
begins to feel an attractive force and the tip jumps to the surface (Fig. 28, 2). As soon as
the tip is pressed further against the substrate, a repulsive force begins to interact. In Fig.
28 3, the maximum force is reached and the direction of movement changes. This retreat
process is represented by the blue curve. By reversing the direction of movement of the tip,
the interaction becomes attractive again and the tip jumps back from the sample surface at
point 4 [I08, p. 104-109].

The surface morphology in this work was investigated using an Asylum Research MFP-3D-
BIO atomic force microscope (Oxford Instruments, Abingdon, UK). The measurement was
performed in contact mode at ambient conditions. A height profile of an area of 5 x5 um? was
recorded with a resolution of 512 scan points. this corresponds to a pixel image size of 512 x
512 pz. The measurements were performed at a speed of 5 pm/s with AC240TS cantilevers
(Oxford Instruments, Abingdon, UK). The recorded images were analyzed, processed and
plotted as a 3D representation using the software Gwyddion 2.58 (GNU General Public
License). To smooth artifacts and suppress noise, filters with a mean, median and conservative
noise reduction of 3 px each were applied. At least three different positions distributed over
the sample were recorded. The roughness R, and R, were statistically determined from the

height return (same parameter set as deflection return).
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6.5. Infrared (IR) spectroscopy

The theoretical background of infrared spectroscopy and the measurement method are pre-
sented. IR spectroscopy belongs to the methods of molecular spectroscopy. It is based on
resonant absorption of a photon by the molecule. The location and intensity of the absorp-
tion bands can therefore be clearly assigned to chemical groups. The good reproducibility
indicates a high specificity with which the absorption maxima can be measured with the aid
of the wave number transmission. These bands are particularly suitable for the identification

of the substance. The bands are assigned to the basic structure of the molecule [109] p. 4].

6.5.1. Theoretical overview

The infrared radiation can have a wavelength A from 800 nm to 50 pm. Molecules are com-
pounds of several atoms. The atoms in the molecule are arranged at defined distances from
each other. These distances make it possible for molecules to assume vibration and rotational
states. Since in our case the molecules are not excited by the IR to rotate, the case is not
described further. The distances of the atomic nuclei are determined by the sum of all forces.
Through energy absorption, the atoms can be stimulated to oscillate around their equilib-
rium position. Like the energy of the electrons, the oscillation energy is also quantized, i. e.
it can only assume certain values that can be described by quantum numbers. If a transition
from one state of vibration to another occurs, very specific selection rules must be observed.
These are defined as AE = E; — Es according to the difference in energy consumption or
release between the respective pathways (Fig. 29). This means that if a photon is to change a
vibration state, its energy Ep; must match the energy difference of the vibration states AE.
This is called frequency condition [109, p. 13, 14][110, p. 690].
B hv=ho— % (27)
With A as reduced Planck constant, h as Planck constant, ¢ as the light speed, w as angular
frequency of photon and v as the frequency of photon.
It is assumed that a bi-atomic molecule of masses m and mo is present. In addition, the
binding of the molecule is assumed to be an elastic spring. Close to the equilibrium position
x( the potential can be approximated as parabola (Fig. 29). The deflection x —z¢ counteracts

the harmonic force

F =—D(z — x) (28)
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Fig. 29: Molecular energie. The horizontal lines represent the vibrational energie levels up to exem-
plary quantum numbers n = 2.

The acceleration of the masses m; and mg is done according to m;&; = —D Ax [35] p.

103]. However, the center of gravity remains in rg, instead of the masses the reduced mass

mimao

o= Tmi+ma can be used.

ui = —DAzx (29)

Results from the fact that the molecule oscillates with the angular frequency w.

D
w= m (30)

This frequency also applies to quantum mechanics. If the harmonic oscillator is solved with

the help of the Schrédinger equation, the required discrete energy levels are obtained.

1
Whereby n is a quantum number and can assume the values n = 0,1,2,3,... [I09, p. 15

] [1T0, p. 846).

6.5.2. Specular reflectance fourier transform infrared spectroscopy (SR-FTIR)

IR spectroscopy is used to determine molecules whose identification is based on a reference
spectrum. The method of infrared spectroscopy used in this work is the specular reflectance
fourier transform infrared spectroscopy (SR-FTIR). The measurements were carried out with
an IRPrestige-21 and a specular reflectance unit (SRM 8000A). The SRM 8000A device

contains the optical system described below, shown in Fig. 30.
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Fig. 30: Schematic representation of the beam path of the SRM 8000A module. The figure is based
on[ITT].

The light reflected by the plane mirrors M1 and M2 is reflected by the spherical mirror
M3 and hits the sample surface. The light beam has an average angle of incidence of 10°
relative to the sample. The IR reflected from the sample is reflected by the spherical mirror
M4 and the plane mirrors M5 and M6 onto the detector [I1I]. This means that the total
radiant flux is divided into absorption, transmission and reflection. If the transmission value
of the radiant flux ®7 is used in relation to the total radiant flux ®(, the transmission 7 is
obtained by 7 = %g. This is done with the absorbed and reflected part of the intensity and
one gets the absorptance o and the reflectance p. If these are now inserted into each other,
one obtains [35), p. 328 ff][109, p. 12][110, p. 573 ff]:

a+17+p=1 (32)

In order to obtain the best possible information, it is therefore important to keep the level
of reflected radiation as low as possible.
The hydrocarbons present in a-C:H layers consist of the alkynes (3100 — 3300 cm~!), alkenes
(3150 — 3000 em 1), alkanes (3000 — 2750 em™!) and aromatics (3080 — 3030 em™1) [109, p.
177-196]. The SR-FTIR measurements were performed under ambient air conditions at room
temperature. In order to analyse the molecular composition of the samples, they are irradiated
with electromagnetic radiation of the wavenumber & from 500 to 4000 cm ™! (where applicable:
U= % = -, where ¢, is the light speed in matter [35, p. 559]). The simple measurements
were recorded with 100 repetitions. Whereas the detailed measurements were recorded with
300 repetitions in a range of 2800 to 3050 cm~!. These detailed measurements are exactly
in the range of the stretching area. The analysing tool for the spectra is a commercial IR-
Solution-FTIR Control Software (Shimadzu IRsolution 1.30 from Shimadzu Corporation,
Kyoto, Japan). The spectra were line corrected by multipoint baseline operations and get
smoothed by parameter manipulation. These manipulations were used to highlight all relevant
information. The penetration depth into the a-C:H layer is only a few nm. Since the measuring

device is done under ambient conditions, the C'Os peak of the measurements increases steadily.
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In order to be able to analyse the spectra better, they were first corrected by multipoint
baseline manipulations and refined by smoothing. These manipulation steps do not change

the relevant information of the analysis, but highlight it for better analysis.

6.6. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is used to analyze the chemical states of the first
atomic layers and assign them to atoms. To do this, the sample surface is bombarded with
monochromatic soft X-rays with the energy hv. If the atoms are excited by the X-rays with
the right energy, electrons are released and leave the solid into the vacuum, where they are
described as free electrons. There they reach the electron detector, which records both the
quantity and the kinetic energy Fy;, of the electrons. A schematic sequence is shown in Fig.
3la. The Eq. 33 can be used to relate the binding energy Ej;,q and the kinetic energy to each
other [T12} [I13].

hy = Ek’in + Ebind +@ (33)

With & as the spectrometer work function. As the binding energies are element-specific,
the element and state in which they were bound can be deduced from the recorded spectra.
The surface sensitivity results from the free path length that the electrons can travel without
losing energy and is in the range of several nanometers. This results from the fact that even if
electrons are released deep in atomic layers by the photons penetrating several micrometers
into the material; they cannot reach the surface. This is because energy would be lost through

interaction with the material as they pass through it [I13][114, p. 9 ff.].
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Fig. 31: a: The XPS emissin process for a model atom. An incoming photon cause the ejection of the
photoelectron. b: The relaxation process for a model atom resulting in the emission of a 2p
electron in 1s and he simultaneous emmitted auger electron. The figure is based on [114] p.
10].

However, it should be noted that differences in the chemical environment or the polarization
of the components can lead to small fluctuations in the binding energies. These shifts can
be used to determine the chemical state of the atoms under investigation. Similarly, with an

offset of 1071° s for each photoelectron released from the atom, a so-called Auger electron is
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also released. An electron moves from an energetically higher level (e.g. 2p) to the now free
position and transfers its energy in the form of kinetic energy to a previously neighboring
electron. This electron then also leaves the atom (Fig. 33b) and the XPS detector measures
the photoelectron, which is detected for the measurement, and an Auger electron, which has a
lower energy. The sum of the kinetic energies of the emitted electrons cannot exceed the energy
of the ionizing photons[112, T13][114] p. 9 ff.]. As a result, high intensities between 700—650 eV’
were measured. Since the measurement accuracy depends directly on the monochromy of the
incident wavelength of the radiation (Eq. 33), stable sources with a very narrow wavelength
interval are required. Synchrotron radiation from an electron storage ring was therefore used
for this work [112, TI3[[I14), p. 9 ff.]. The XPS measurements were executed out at the HE-
SGM beamline of the KIT at BESSY II in the Helmholtz-Zentrum Berlin fiir Materialien
und Energie during the low alpha mode (ring current max. 100 mA, decay mode). The
measurement system used is described in detail elsewhere [I15]. Due to the charging effects
of the poorly conducting polymer surface and the associated shift of the Cls peak, an e-gun
was used for equalization. A complete survey spectrum of 600 — 0 eV was recorded. The
C'ls peak obtained (approx. 285 eV') was then analyzed and evaluated using the CasaXPS
software (software version 2.3.18, Casa Software Ltd., United Kingdom). The evaluation was
performed using the NIST database (https://srdata.nist.gov/xps/main search menu.aspx)
and the work of other groups to determine the positions of the respective hybridization states
[116] 117, 118] and the respective binding percentages were plotted in the OriginPro 8G

software.

6.7. Near-edge X-ray absorption fine structure spectroscopy (NEXAFS)

Near-edge X-ray absorption fine structure spectroscopy (NEXAFS) is a technique that is
performed near an ionization potential. In NEXAFS measurements, atoms are ionized by
radiation that is varied over a certain energy range. The step size of the variation is usually
not constant and is adapted to the element under investigation. Electrons close to the nu-
cleus, the so-called K shell (hence the K absorption edge), can be brought into two states by
the X-ray absorption process which is shown in Fig. 32 schematically. On the one hand into
states below or into continuum states above the ionization threshold. Excitation of the core
shell emits photoelectrons, which are a direct measure of the number of unoccupied electron
positions generated in the core. To monitor the absorption cross-section, the photoelectrons
are considered primary. However, if they remain below this level, the entire structural infor-
mation is lost. They can only be detected when they are exceeded. If an electron from a higher
shell falls into one of the generated core holes, fluorescent photons and Auger electrons are
generated. This allows the annihilation or excitation of core holes to be monitored indirectly.
Auger decay is faster for the K-shell excitations and therefore particularly suitable for ele-
ments with low Z, whereby the intense absorption edges of carbon, nitrogen and oxygen, for
example, is in the soft X-ray range between 100 and 700 eV. L-shell excitations of elements
with higher Z can also be investigated [119, 120]. A distinction can be made between two
approaches to electron detection. On the one hand, all electrons can be measured, which is
referred to as total electron yield (TEY). In another method, electrons with low kinetic en-

ergy are suppressed and thus only electrons from the area close to the surface are measured.
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This is referred to as partial electron yield (PEY) [120, 121]. This is realized by applying a
counter voltage in the range of the energy of the atoms to be measured. This means that
not all electrons emitted from the material reach the sensor, but only those emitted close
to the surface with sufficient energy [119]. Fluorescence analysis is particularly suitable for
deeper layers, as the emitted fluorescence photons can penetrate the material over a greater
distance [120}, [121]. Since not only the binding energy but also the fluorescent photons and
Auger electrons are detected, different types of molecular orbitals and binding states can be
distinguished. Thus, specific bonding states (C—C, C=C, C—H, C=0) are investigated in

this work.

photoelectron o Auger electron

- fluorescence
photon
O core level

Fig. 32: Schematic representation of the basic principle of NEXAFS spectroscopy. X-ray absorption
followed by the emission of a photoelectron The fluorescence decay process and the Auger
decay process. The figure is based on [120].

Like the XPS method in section 6.6, the NEFAFS measurements were also performed at the
beamline HE-SGM at BESSY II in Berlin using synchrotron radiation with partial electron
yield (PEY) at a photon incidence angle of 55°. The measurements were carried out with a
maximum ring current of 100 mA in decay mode and the O- and C-edges were measured.
The O-edges were used to determine whether O-bonds were present on the surface, but were
not evaluated further. The C-edge was recorded at two locations to ensure redundancy of
measurements. The spectra were normalized, smoothed, synchronized with the ring current
decay and the background noise was corrected. The adjustments were made with OriginPro
8.1G according to [I19]. In order to detect and, if necessary, correct mirror artifacts and
grid contamination, adjustments were made at the beginning of the measurement campaign
using a gold edge. For the investigations, the peak positions were determined on the basis
of the work of own and other groups [118| [122] 123] [124] 125] 126]. The analyzed peaks are
shifted to the C=C 7 peak (284.85 eV). other analyzed peaks are C—H at 286.40 eV, C=0
at 287.3 eV, C—C at 288.35 ¢V and C=C ¢ at 292.55 eV.
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7. Surface treatment of biopolymer films Polylactic acid and
Polyhydroxybutyrat with angular changing oxygen plasma —

More than just gradual purification

This article by Lucas Beucher, Torben Schlebrowski, Kevin Rohe, Stefan Wehner and Chris-
tian B. Fischer has been released in Surfaces and Interfaces Volume 30, June 2022, 101856
with the DOI: 10.1016/j.surfin.2022.101856. The paper examines the Oy pretreatment of the
biopolymers PLA and PHB, which was previously perceived as a cleaning and activation
process. The films used were purchased from Goodfellow GmbH, Friedberg, Germany. The
plasma treatment was carried out at NTTF Coatings GmbH, Rheinbreitbach, Germany by L.
Beucher. The measurements and evaluations of CA, morphology and WVTR were carried out
by L. Beucher. The synchrotron based X-ray spectroscopy measurements were performed at
the Helmholtz-Zentrum Berlin fiir Materialien und Energie, Berlin, Germany at the beamline
of the Karlsruhe Institute for Technology, Group: Chemistry of oxidic and organic interfaces;
X-ray and Electron Spectroscopy at Interfaces by L. Beucher, T. Schlebrowski, K. Rohe and
C.B. Fischer. The analysis was carried out by L. Beucher. The results were presented and
discussed in the Surface Physics research group. The formatting was changed and adapted
to the thesis.

7.1. Graphical abstract
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Fig. 33: Graphical abstract of surface treatment of biopolymer films Polylactic acid and Polyhydrox-
ybutyrat with angular changing oxygen plasma — More than just gradual purification.

7.2. Abstract

Bio-based and biodegradable polymers such as polylactic acid (PLA) and polyhydroxybu-
tyrate (PHB) are developing into increasingly important raw materials. Especially when it
comes to replacing conventional polymers in order to save resources and reduce environ-
mental impact. Such biopolymers often conform to mechanical requirements of industry, but
inappropriate surface characteristics such as poor barrier properties and increased degrada-
tion limit their application. Appropriate surface modification, such as the deposition of thin
amorphous hydrogenated carbon films (a-C:H) produced by low-temperature mediated radio
frequency plasma-enhanced chemical vapor deposition (RF-PECVD) can provide a remedy
here. Prior to this, the surfaces are mostly cleaned/activated with oxygen plasma to enable

better deposition of the subsequent a-C:H layer. It has been noticed that the Os treatment,
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strongly changes the surface properties. It is now to be determined how a change in the
O plasma treatment geometry affects the surface properties and whether this can be used
accordingly. Surface morphology was analyzed by AFM, surface free energy (SFE) was deter-
mined using a contact angle goniometer, and changed barrier properties were investigated via
the water vapor transmission rate. Top surfaces were studied by synchrotron supported X-ray
spectroscopy, revealing angle-dependent changes in C and O content and binding conditions.
The present angle-dependent Os treatment not only changed the surface roughness and its
chemical composition, but also, contrary to expectations, improved the barrier properties of
PLA up to 18% at highest value, while the transmittance of PHB increased by more than
10%. A similar change in the mobility of the contact angle hysteresis is observed for both

materials.

7.3. Introduction

Surface modifications by plasma-based treatment processes are nowadays having an ever-
increasing influence on the manufacturing processes of functional products. Since only the
surface properties are changed in these processes, the main properties of the substrate material
are retained. In this context, it appears advantageous to treat or coat polymers in particular,
due to their intrinsic properties and versatile application possibilities, in order to generate
customized surfaces. Due to their sustainability and environmental compatibility, biopolymers
are also increasingly used in this field [1]. Two types of biopolymers are used largely in industry
and agriculture. One is polylactic acid (PLA) produced by condensation polymerization of
lactic acid [2-4]. And secondly polyhydroxybutyrate (PHB), which belongs to the class of
polyhydroxyalkanoates and is polymerized by a fermentative production process of sugar
and starch [3,5]. An established plasma-based coating technique for improving the surface
properties of biopolymers is the covering with a barrier layer of hydrogenated amorphous
carbon (a-C:H) [6-15]. A commonly used process for this is chemical vapor deposition (CVD),
which can be further enhanced by the use of radio-frequency plasma (RF-PECVD), enabling
deposition at low temperatures and allowing coatings on non-conductive substrates. In our
previous research [10,15], it was found that the geometry of the coating is a determining factor
for the composition of the later a-C:H layer. The substrate was placed directly in front of the
plasma source, or indirectly by treating the substrate on the side opposite to the plasma (180°
rotation). The results suggested that the layer properties, especially the sp?/sp? ratio, can
be controlled by changing the deposition angle so that the surfaces can be adapted and thus
customized. Before applying any a-C:H layer, the surface is pretreated resp. cleaned with an
O3 plasma [10-15]. It was found that this preceding step also significantly changes the starting
material. Additionally, the geometry of the oxygen treatment affects the surface properties
such as contact angle and roughness [10,15]. In the present work, the surface modification
occurring with a geometrically changing O2 plasma treatment will be investigated in order
to reveal specific surface and material effects. Therefore, the present study focuses on a
stepwise angle-dependent Os plasma treatment for the biopolymers PLA and PHB and their
associated property changes. The surface morphology was studied by atomic force microscopy
(AFM). Surface sensitive and synchrotron supported X-ray techniques such as near edge

X-ray absorption fine structure analysis (NEXAFS) and X-ray photoelectron spectroscopy
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(XPS) were used to analyze the chemical composition of the Oy plasma treated PLA and
PHB. Contact angles (CAs) with different liquids were performed to evaluate macroscopic
physical aspects and obtain information on surface free energy (SFE) and contact angle
hysteresis (CAH). The barrier properties were measured by water vapor transmission rate
(WVTR) revealing a significant difference between both angle-dependent, O plasma treated

biopolymers.

7.4. Materials and methods

Sample preparation and film deposition

Films of PLA (50 pwm) and PHB (25 um, 92% PHB and 8% polyhydoxyvalerate blend) of
industrial quality (Goodfellow GmbH, Friedberg, Germany) were cut to 10 X 5 ¢m pieces and
clamped in self-made aluminum sample holders. These were fixed to an in-house manufactured
device at angles from 0° to 180° in 30° steps, as shown in Fig. 34. Since no significant change
in the surface could be observed at a treatment angle of 90°, this will not be considered
further in the following. The center of the samples was always 275 mm apart from the RF-
driven plasma source (13.65 M Hz Copra DN 400, CCR GmbH, Troisdorf, Germany). The
samples were treated with Og plasma (O purity: 6.0) for 10 min (1 Pa, 60 scem/min, 200 W,
further details in ref: [10-15]) and for each fixed angle geometry between the maximum values,
directly 0° and indirectly 180° angle [10,15]. The occurring low process temperature on the

sample (< 40°C') prevents structural changes within the biopolymer [10].
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Fig. 34: Schematic of the fixed angle-dependent O, plasma treatment process in top view. The treat-
ment was performed for 10 min with a source distance of 275 mm. The center of the samples
marked with a black dot is the pivot point.

AFM imaging

The surface morphology of the Oy plasma treated polymer films was examined with an atomic
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force microscope Asylum Research MFP-3D-BIO (Oxford Instruments, Abingdon, UK). The
measurement was performed in contact mode at ambient conditions, recording a height profile
of an area of 5 x 5y m? with a resolution of 512 scan points, corresponding to a pixel image
size of 512 x 512 px. The measurement was performed at a speed of 5um/s with AC240TS
cantilevers (Oxford Instruments, Abingdon, UK). The recorded images were analyzed and
processed using the Gwyddion 2.58 software (GNU General Public License). In the present
study, all micrographs show a 3D representation of the deflection retrace. Filters with a mean,
a median, and a conservative noise reduction of 3 px each were applied to smooth artifacts
and suppress noise. A minimum of three different positions distributed across the sample
were recorded. Repeating the AFM measures ensured correctness of acquisition. The rough-
ness R, and R, were statistically determined from the height retrace (same parameter set as

deflection retrace).

Contact angles (CA)

To analyze the surface wettability of the Oy plasma treated polymer films a contact angle
goniometer (OCA 15EC, DataPhysics Instruments GmbH, Filderstadt, Germany) was used.
For this purpose, drops of 1ul deionized water (HPLC grade, CHEMSOLUTE ®, Th. Geyer
GmbH & Co. KG, Renningen, Germany) were dispensed at ambient conditions with the ses-
sile drop technique. To ensure the accuracy of the values obtained, the CA was determined at
five different locations. The resulting mean value adequately describes the average wettabil-
ity of the surface. The CA were evaluated with the software SCA202 V5.0.41 (DataPhysics
Instruments GmbH, Filderstadt, Germany).

Contact angle hysteresis (CAH)
To determine the advancing CA (ACA) and receding CA (RCA) of the hysteresis (CAH), a
drop of 1 ul was added to each surface while keeping the dosing syringe centered in it. The
droplet was then expanded with an additional 5 ul dosage, allowing the ACA to be deter-
mined. RCA was assayed by removing 4.5 pul from the droplet. This procedure was repeated
five times in succession. The ACA and RCA value can be measured respectively when droplet
volume and baseline of the droplet change; meanwhile, the CA remains constant [16]. The
CAs were measured automatically using SCA202 V5.0.41 software (DataPhysics Instruments
GmbH, Filderstadt, Germany) with the sessile drop (needle in) method. The CAH indicates
the distance between ACA and RCA and can be obtained by subtraction. The CAH not
only provides information on wettability and surface energy, but is also a measure for surface

roughness and adhesion [16,17].

Surface free energy (SFE)
The SFE was determined indirectly by observing disperse as well as polar interactions with
CA analysis and subsequently using the Owens, Wendt, Rabel and Kaelble method (OWRK).
In this method, charge distributions are determined between temporarily occurring asymmet-
ric charge distributions: dispersion forces (e.g. hydrocarbons) and polar forces (e.g. water). A
spectrum of five liquids was selected to determine the polar v, and disperse 74 fractions and
the total SFE. As liquid with high electronegativity difference HPLC water (y4 ~ 26 mN/m,
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Yp ~ 47 mN/m) [18] was used and as liquid with dominant non-polar portion diiodomethane
(va = 47 mN/m, v, =~ 3 mN/m ) [19] and 1-bromonaphthalene (y4 ~ 44 mN/m,
Yp ~ 0 mN/m) [19]. Furthermore the CAs of formamide (y4 = 28 mN/m, v, = 29 mN/m)
[18] and ethylene glycerol (yq ~ 26 mN/m, 7, ~ 21 mN/m) [18] were measured. A separate
sample surface location was used for each liquid and the CAs were measured in triplicate.
The data analysis was performed with the internal software SCA202 V5.0.41 (DataPhysics
Instruments GmbH, Filderstadt, Germany).

Water vapor transmission rate (WVTR)
The WVTR measurements were performed with a W3/031 Water Vapor Transmission Rate
Tester from Labthink (Labthink GmbH, Neu Isenburg, Germany). The WVTR indicates how
much moisture passes through a volume, referred to 24 h and normalized to 1m? under spec-
ified test conditions from a wet room through the test area/volume into the test room. The
WVTR depends on the thickness, the test area, the density as well as the surface properties
of the material according to DIN 53,122-1/ISO 2528:2017 [20,21]. The measuring area of the
sample is 4.91 cm?, clamped in a customized adapter in a sealed test dish containing 10 ml
of deionized water, with the Os treated sample surface not facing the water reservoir. At
38°C a relative humidity difference of 90 % RH is generated between both sides of a sample
[20,21]. The water vapor penetrates through the sample into the dry side and is continu- ously
detected by a sensor. Each test dish was weighed after a test interval of 90 min to determine
the amount of water evaporated, the procedure was repeated four times per measurement. To

ensure reproducibility and the stability of the polymer films, each sample was measured twice.

Synchrotron based X-ray spectroscopy
The composition of the carbon and oxygen compounds on the surface was investigated with X-
ray photoelectron spectroscopy (XPS) and near- edge X-ray absorption fine structure (NEX-
AFS, see SI). Both were performed at the Helmholtz-Zentrum Berlin with beamline HE-SGM
during the low alpha mode (ring current max. 100 mA, decay mode). The HE- SGM analyti-
cal system is described in detail elsewhere [22]. For XPS the spectrum between 600 and 0 eV
was recorded at two different sample positions with a resolution of 0.1 eV, for reproducibility
and to ensure homogeneity. The Cls peak was analyzed with software CasaXPS (software
version 2.3.18, Casa Software Ltd., United Kingdom) and the proportions of sp?, sp®, C=0
and C—O bonds in the C'ls peak were identified and evaluated [23-25]. In addition, the Ols

peak was verified to be present in the layers (see SI).

7.5. Results and discussion
7.5.1. AFM imaging

The surface morphology of PLA treated with Os plasma recorded by AFM are displayed in
Fig. 35 and that of PHB in Fig. 35a shows the raw, untreated PLA, representing the ini-
tial morphology and reference for the other PLA surfaces treated by Oy plasma Fig. 35b—g
show the surfaces treated with Oy plasma in an angle-dependent manner, between 0° and
180° in 30° steps and 10 min duration each. Table 2 lists the values of average roughness R,

and root mean square roughness R, of the samples. The surface of the raw PLA (Fig. 35a)
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shows a smooth, homogeneous surface with small particles of 0.1 to 0.4 um size attributed to
manufacturing processes. The height profile shows a difference of 8 nm, which agrees well to
the roughness R, and R, (Table 2). In contrast, the surface treated in direct O plasma (0°,
Fig. 35b) shows significant changes. Small surface particles are no longer detected and the
previously smooth surface exhibits a pronounced coarse graining. Therefore, R, increases to
41.9 nm, and the height profile to 13.2 nm. This granular texture is evident in all samples
treated with Oy plasma, regardless of the treatment angle, but it is most distinct in direct
treatment. By increasing the angle, the grain size becomes progressively finer and the struc-
ture is less visible, also reflected in the height profile and a decreasing roughness, which can be
attributed to the decrease in the incident ion energy. At 30° (Fig. 35¢) R, is 35.9 nm, lowering
to 21.1 nm at 60° (Fig. 35d). The grain size decreases particularly between 120° (Fig. 35¢) and
150° (Fig. 35f), likewise R, decreases from 19.2 to 10.1 nm. At 180° (Fig. 35g) in the lower
area, a pore is visible attributed to the manufacturing process [11]. The noticeable decrease
in graininess according to the angular changing Os plasma treatment is also evident there

with a minimum of 8.2 and 11 nm, respectively, which is nearly the roughness of the raw PLA.

In Fig. 36 the morphology of untreated PHB (Fig. 36a), as well as the PHB surfaces treated
with Oy plasma are displayed (Fig. 36b-g). As for PLA, the PHB surfaces are exposed to the
O- plasma for 10 min at the respective angles between 0° to 180° in 30° steps. The surface of
the untreated PHB shows a fine structure, linear elevations ("worm-like', see 2D in SI) [10]
appear repeatedly with a R, of 15.5 nm (Table 2). These structures are also detectable on the
PHB samples treated with Oy plasma, but the angle-dependent treatment does not appear
to have any effect on them. The surface after direct plasma treatment (0°, Fig. 36b) shows
hardly any changes, which is reflected in a nearly unchanged R, of 17.9 nm, indicating that
PHB behaves differently under ion bombardment than the chemically similar PLA. At 30°
(Fig. 36¢), these structures are particularly clearly visible, which also explains the somehow
increased R,. Similarly, at 120°, they are readily discernible with a comparatively low R, of
15.1 nm. The large R, of 27.5nmat180° (Fig. 36g) is attributed to a small curvature in the

film, as well as isolated higher peaks.

Table 2: Average roughness R, and the root mean square roughness R, of untreated and angle
dependent Os plasma treated PLA and PHB.

PLA PHB

Ry/nm R,/nm Ry/nm R,/nm
raw 8.3 £ 2.3 10.8 £28 1556+ 3.5 19.1 £3.7
0° 419 £85 H51.8£9.7 179+6.1 23.2=£69
30° 3569 +97 447 4+106 21.0+63 25.8=£7.0
60° | 21.1 &£ 10.7 29.0 +£14.7 133 £25 158 +3.0
120° | 195 £39 23.8+£49 151+£5.1 19.2 £ 64
150° | 101 £39 136+46 14.0£25 181+24
180° | 82 £ 24 11.0 £33 273+ 11.7 34.6 £13.3
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a) raw

f) 150°
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Fig. 35: 5.0 x 5.0 yum? AFM images showing untreated (a) and angle dependent O, plasma treated
PLA for 0° to 180° (b-g).
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" g)180°

Fig. 36: 5.0 x 5.0 yum? AFM images showing untreated (a) and angle dependent O, plasma treated
PHB for 0° to 180° (b-g).

7.5.2. Contact angle (CA)

The overall surface wettability results from the morphology of the surface and the prevailing
chemical bonds [10-17,26,27]. As a result, of the treatment with O, plasma, it can be assumed
that oxide groups are formed on the sample surface, which leads to a hydrophilic character
[26-29]. In addition, the hybridization state causes a change. A sp? rich surface results in
a reduced contact angle compared to a sp? rich surface due to the difference in surface free
energy [10-17,26-28]. Fig. 37 shows the CAs of the angular O, treated PLA and PHB samples.
For reference, the contact angles of raw, untreated PLA (78°) and PHB (75°) are plotted.
The CA of both materials decreases after direct treatment, which can be explained by the
oxidation, but also by the roughening of the surface (Table 2). The CA of PLA decreases
with 67° more than that of PHB with 72°. Differences between both materials can also be
seen for error analysis. In the case of PLA, it changes only insignificantly over the treatment
angles and remains almost constant. When the error bars are compared with the obtained
roughness (Table 2), it is noticeable that this factor seems to play a major role; with smaller

roughness, the error bar is also small and inverted. Such a behavior cannot be observed for
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PLA. With increasing treatment angle, the CA of PLA initially increases to about 70° at
30°, then remains constant up to 120° in the error interval, and decreases again to about 67°
at 150° and 180°, which is consistent with the XPS analysis (Section 3.6). For PHB, the CA
de- creases continuously from 0° to 60° from 72° to 61°, increases slightly at 120°, indicating
a decreasing sp> content, but remains almost constant within the error interval until 180° at

around 64°.
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Fig. 37: CA of angle-dependent O2 plasma treated PLA and PHB surfaces between 0° and 180°. The
first measured value shows the raw and untreated polymer.

7.5.3. Surface free energy (SFE)

The OWRK method for determining the surface energy is described in detail elsewhere
[30-32]. SFE results from the wettability of different liquids. Therefore, morphology, chemical
bonds and hybridization states are of crucial importance. Oxidized surfaces form a stronger
dipole moment, which leads to a stronger interaction with polar liquids and thus to a more
hydrophilic layer [33]. In the hybridizations of C, sp® rich surfaces of compounds exhibit not
only a higher wettability for water but also an increased surface energy, in contrast to sp?
rich surfaces, which have a lower SFE and an increased CA [34]. Since at least three mea-
suring locations per liquid (here water, diiodomethane, 1-bromonaphthalene, formamide, and
ethylene glycerol) and sample are averaged, morphological irregularities should not have a
statistical effect. Fig. 38 shows the SFE for the angular Oy plasma treated PLA surface split
into the polar and disperse component. It can be seen that the disperse component always
accounts for the larger fraction of the SFE, except for the direct plasma treatment at 0°. The
maximum of the disperse component shows the surface of the raw PLA (first value) and at
the same time the lowest amount of polar interaction. However, due to the O plasma process
and the resulting oxidation of the surface, this fraction increases strongly while the disperse
component decreases strongly at the same time. This is most evident in the frontal plasma
treatment (0°); the disperse fraction decreases from approx. 40 to 30 mN/m and the polar
fraction increases from 2 to 11 mN/m, but the total SFE changes only slightly. This suggests
O9 groups on the surface giving a higher polar fraction of the SFE [29], which can also be
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seen in the CA (Fig. 37). In the further course, the polar fraction remains roughly the same
for 30° to 120°, changing from 7 to 6 mN/m; which is consistent with the CA findings. The
disperse fraction rises from 30 mN/m at 0° to 37 mN/m at 30°, drops to 32 mN/m and
rises again to 40 mN/m at 120° where it continuously decreases to 35 mN/m again at 180°.
The increased disperse fraction is attributed to the fact that more indirect plasma is applied,
which also has less energy for surface activation [10, 12-14,20]. Considering error bars, it is
noticeable that they are in a small range for raw PLA, 150° and 180°. Here only indirect
plasma radiation (150° and 180°) arrives and no mixtures. Fig. 39 shows the SFE for the
angular Oy plasma treated PHB, the SFE is separated into its polar and disperse component.
Raw PHB has an SFE of 44.5 mN/m, which is split into a polar component of 3 mN/m
and a disperse of 41.5 mN/m. The disperse fraction is thus similar to that of PLA (Fig. 38),
but the slightly higher polar fraction in PHB is different, resulting in a slightly higher SFE
overall. As for PLA, the SFE decreases after frontal Os plasma treatment, with primarily
the disperse fraction decreasing to 35.5 mN/m - is higher than for PLA with 40 mN/m -
the disperse increases to 5 mN/m - is lower than for PLA with 11 mN/m. For 30°, the polar
and disperse values remain similar, but the disperse component increases again tod0 mN/m
at 60°, with the polar continuing to remain constant up to 120°. The disperse component
de- creases continuously from 40 to 36 mN/m from 60° to 180° - thus PLA and PHB are
similar in the behavior of the disperse component at indirect treatment angles. In contrast
to PLA, the polar component increases from 5 mN/m (60°) to 12 mN/m (180°) - with PLA,
the polar component decreases. The strong increase at 180° can be explained by the strongly

enhanced roughness and its large error bar (Table 2).

] polar component —n— SFE (total)
50 dispers component —e— SFE (dispers)

w H »
o o o
P PR SR RS

free surface energy [mN/m]

w
o
PR TR

251

T T T T T T T T T T T
raw. o 30 60 90 120 150 180
treatment angle [°]

Fig. 38: SFE course of PLA, treated for 10 min with O, plasma with advancing angle geometries.
The first value is the raw sample; the black squares are the total SFE. The red dots and the
red hatched pattern below are the disperse component of the total SFE in which the black
hatched area shows the polar component.
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Fig. 39: SFE course of PHB, treated for 10 min with O, plasma with advancing angle geometries.
The first value is the raw sample; the black squares are the total SFE. The red dots and the

red hatched pattern below are the disperse component of the total SFE in which the black
hatched area shows the polar component.

7.5.4. Contact angle hysteresis (CAH)

Another characterization technique for the chemical and topographical investigation of the
surface is the CAH, which is obtained indirectly via the difference of the advancing (ACA)
and receding CA (RCA) (Table 3). The ACA provides details about interactions between
solid and water and thus wettability; the RCA removes the droplet from the surface and is
related to adhesion forces between solid and the water droplet. Overall, the hysteresis can
be seen as a measure for the mobility of a water droplet on the surface (the wetting and
removal) [16,17]. Fig. 40 presents the data for the CAH of PLA and PHB untreated surfaces,
as well as the angle dependent Oy plasma treated ones. The corresponding ACA and RCA
are listed in Table 3. With a few exceptions, both materials show the same tendency, which is
characterized by the fact that, with direct treatment, the mobility initially increases steeply
with increasing angle, but then decreases and no longer reaches the value of the raw polymer.
The two raw polymers have a similar hysteresis of about 23°, and ACA and RCA are also
close to each other (see Table 3). With direct Oa treatment, the CAH for PLA increases,
which is partly due to the increase in the polar fraction of the SFE, and partly associated
with the increased roughness after treatment. The high polar fraction is also reflected in the
ACA and RCA, both of which decrease to their minimum (compare CA, Fig. 37). Further,
the low RCA shows that here the adhesion forces due to the polarity of the surface is at its
maximum [16,17,35,36]. At 30°, the CAH for PLA reaches its maximum of 39.3°, the ACA
returns to about the initial value; the RCA does not increase as much (which also gives the
large CAH). Subsequently, the CAH successively decreases to 31.1° for a treatment angle
of 180°. This result correlates, on the one hand, with the decrease of the polar fraction of
the SFE (especially for indirect treatments) and, on the other hand, with the decrease of
the surface roughness (Table 2). In the case of PHB, the CAH initially decreases with direct

treatment or remains at a similar level in the defect analysis, which is due to the only slightly
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changing RCA. An explanation for this is the only slightly changing roughness of the surface,
as well as the only little changing polar fraction of the SFE. Since the SFE remains constant
even at a treatment angle of 30°, the change here is due to the increasing roughness. Since at
60° the roughness decreases again, the increase in CAH to 38.3° here is due to the increasing
SFE. The constant value at 120° can also be explained in this way. The CAH for 150° and
180° are also similar and are at about 32°. The large error at 180° can be explained by the

larger surface roughness (Table 2) and the sudden increase in the polar fraction of the SFE.

Table 3: Advancing (ACA) and receding contact angle (RCA) of raw and angle dependent O5 plasma
treated PLA and PHB.

ACA ] RCA [°]
coating angle | 2.5 min 5.0 min 10.0 min 2.5 min 5.0 min 10.0 min
0° 679 +£03 7344+15 68510 315+£15 325+£1.6 28.6+0.9
30° 63.9£05 70.1+03 699+02 307+£13 31.3+1.1 298 +0.1
60° 737 +£12 729+£08 694+13 30518 322+£08 287+1.1
120° 65.2+£04 70.14+1.0 655+06 262+22 285426 24.7+ 28
150° 614 £08 70.0+03 68715 296+£1.0 262+27 30.8%22
180° 705 +12 672+£02 7044+03 29.7+24 282+22 29.8+4.6
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Fig. 40: CAH of the angle dependent Oy plasma treated PLA and PHB surfaces. The first value
shows the raw and untreated polymers.

7.5.5. Water vapor transmission rate (WVTR)

The water vapor transmission is a gravimetric method and described as per definition the
penetration of water vapor through a volume with a standardized area to one m? during a
period of 24 h under defined test conditions: From the absorption room (dish), through the
test area resp. volume of the sample film into the test room. The WVTR, depends on the
film thickness, test area, material density, and the properties of surface resp. deposited layer
[20,21], i.e. it is not a material constant in itself. Raw PLA has the highest water permeability
at 121 g per m2 per 24 h, as shown in Fig. 41. Since the morphology of the surface appears

rough and uneven and there are inclusions from the manufacturing process (Fig. 2 AFM),
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the diffusion of water molecules is obviously favored despite high CA [11,37]. It has also
been shown that PLA has process-induced channeling through which liquid can penetrate
the polymer [11,37]. If the raw polymer is treated with Oy plasma for 10 min at advancing
angle settings, a drop in permeability is observed up to the 120°. Compared to the CAs
and the roughness (Table 2), a different picture emerges, since the CA and the roughness
initially rises. From this it can be concluded that no or only limited conclusions about the
WVTR can be drawn from the CA, since the already mentioned channels are a volume specific
component. From 120° to 180° the permeability remains constant at around 102 g/(m? - 24h)
within the error. This phenomenon is not yet fully understood and is the subject of current
research. One explanation could be a reorganization of the formed oxygen-containing groups,
which are reactive molecules on the surface of the PLA. Indirect irradiation reduces the
penetration depth of the plasma bombardment. Therefore, the retention time of the radicals
on the surface could be extended and this reorganization process could be promoted, possibly
closing or narrowing channel entrances. Oxide containing groups, such as hydroxyl groups,
lead to more absorption sites [5,10,12,15,38] which further blocks the diffusion of the reactant
in the near surface areas of polymer substrates [39]. The WVTR values of PHB film show
a different course in Fig. 41 compared to the PLA one. The transmission rate increases
instead of decreasing as in the case of PLA. Furthermore, the initial value of the raw material
of 201 g/(m? - 24h) is significantly higher, which is mainly related to the lower material
thickness of 25 pum. Both the initial value and the WVTR for 0° treatment are close to each
other and both show pronounced errors, which is attributed to the low film thickness. From
30°, the errors become smaller and allow a more accurate evaluation. The WVTR for 30° is
211.6 g/(m? - 24h) and similar to 60° with 219.8 g/(m? - 24h). The maximum transmittance
is reached at 228.6 g/(m? - 24h) at 120°, then drops slightly to 222 g/(m? - 24h) for 150°
and 180°. It is assumed that the slight increase in transmission is due to the increase in the
polar fraction of the SFE (Fig. 39), as well as the surface area increase due to the roughness

increase (Table 2).
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Fig. 41: WVTR values of the PLA and PHB films untreated (first value) and treated for 10 min
with Oy plasma with advancing angle geometries. The left y-axis presents the WVTR for
PLA (black) and the right y-axis for the PHB (red, note different scaling).
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7.5.6. X-ray photoelectron spectroscopy (XPS)

In Fig. 42, the fraction of carbon-containing binding states of the Cls signals (see SI) is
shown as a percentage of sp?, sp3, C—0O and C=O0 binding for a raw PLA sample and PLA
surface treated with Oy plasma in an angle-dependent manner. The quantitative binding
percentages are plotted versus the ascending Oy plasma angle treatment geometry. Data
analysis was performed as described in the experimental section. The positions were evaluated
using the NIST database and the work of other groups [23-25]. It can be seen that the chemical
composition of the PLA surface hardly changes after direct Oy treatment. The sp? fraction
remains dominant (= 73%) and is slightly increased; correspondingly, the remaining bonds
are slightly decreased (sp? ~ 10%, C—O ~ 1%, C=0 ~ 15%). Even with the changing
treatment angles, the composition appears to remain nearly stable at 30°. At 60° the sp?
fraction decreases slightly and the C—O fraction is increased, this also coincides with a
decrease of the disperse fraction of the SFE (Fig. 38); the WVTR value is almost the same
but the error strongly increased to 30°. At 150°, the sp? fraction decreases to 5% and the
C—O fraction increases to 7%. Here it can be observed that in the case of SFE, the polar
component decreases and the WVTR value increases with a larger error compared to 120°
and 180°. At 180°, sp? rises again to 10% and C—O drops to 9%. The WVTR lowers in value
and the polar components behaves similarly to 150°. PHB shows a similar behavior as PLA
for the raw polymer with a binding ratio of ~ 71% sp?, ~ 7% sp?, ~ 2% C—0 and 20% C=0
(Fig. 42). After direct Oy treatment, the sp® value increases to 75%, drops to 62% at 30°
and increases again successively to 76% until 180°. The sp® fraction remains the dominant
binding mode at all treatment angles. The sp? content also rises to 11% at direct treatment
and continues to rise steadily to 19% up to an angle of 60°, remains constant at 120° and
then drops to a minimum of 3% until 180°. The C=0 fraction decreases at 0° to 10% and
then remains in this range. C—0O remains below 5% up to 120°, with the exception of 30°
(7%), and increases to 9% from 150° to 180°. It is observable that from 150°, the proportion
of C—0O and C=0 exceeds that of sp?. The proportional increase of the O bonds is also
observable in the SFE, whose polar component increases strongly at 150° and 180° (Fig. 39).
In general, it can be observed that the chemical composition of the surface changes due to
the O3 plasma, which is also angle-dependent, but does not necessarily lead to an excessive

number of O bonds.
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Fig. 42: XPS results given as percentage of appropriate binding types for untreated PLA (first value)
and angle dependent Os plasma treated PLA surfaces.
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Fig. 43: XPS results given as percentage of appropriate binding types for untreated PHB (first value)
and angle dependent O5 plasma treated PHB surfaces.

7.6. Conclusion

The biopolymers PLA and PHB were treated with variable deposition geometry in a RF-
PECVD process with Oy plasma. The sample surfaces were analyzed for topography with
AFM and for their chemical composition by synchrotron supported XPS. Likewise, the bar-
rier property was determined by WVTR and the SFE and CAH by contact angle analysis.
Treating PLA shows most of the structure is exposed in the direct Oy plasma, which is also
visible in the roughness factors. As the angle increases, less structure is exposed and the
roughness successsively decreases until it reaches the value of the starting material at 180°.
PHB shows linear structures that do not change due to the plasma process. With a few ex-

ceptions, the roughness remains very similar here. The polar fraction of the SFE increases
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by O3 plasma in both materials. This effect is greater with PLA than with PHB, but not
substrate dependent with direct treatment at 0°. It is only during indirect treatment that
the differences between the materials become clear. While PLA shows a slight decrease of
the polar fraction at high angles, PHB shows an increase. The disperse fraction also changes
and initially decreases with direct Oy plasma treatment and increases again with the indirect
angles. The Os plasma treatment of PHB and PLA lowers the mobility of a water droplet.
It turns to be angle dependent; the mobility increases with increasing angle for direct treat-
ment up to 60° and decreases again slightly for indirect treatments. This correlates with the
decrease of the SFE polar fraction and a reduction of surface roughness. The appearance of a
barrier property for PLA when the surface is Os plasma treated is demonstrated here. Thus,
not only cleaning and activation processes are attributed to this treatment, but also changes
in the morphological composition of the PLA surface, which improve the barrier property.
Furthermore, recombination is believed to narrow pores occurring in PLA. In contrast, an
increase in transmittance properties is observed for PHB, which is assumed to originate from
rising erosion of the surface. The XPS evaluation shows that there is only little change in the
basic chemical composition. The predominant dominance of sp? in untreated PLA and PHB
is maintained and varies only slightly. In PLA it could be shown that the percentage of C—O
bonds exceeds that of sp?, apart from 180°. In PHB, a different behavior is observed; here
the C=0 fraction exceeds that of sp? only from 150°. The C—O bonds are detectable in all
samples in small numbers except for PHB at 150° and 180° where they are more than the sp?
fraction. The chemical arrangement of the surface clearly changes due to the angle-dependent
O, plasma treatment, which, however, does not immediately lead to a higher number of O

bonds at the surface.
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7.9. Supporting Information

7.9.1. X-ray photoelectron spectroscopy (XPS)

Table 4: Percentage of different C bonds at the Cls peak of angle dependent Os plasma treated PLA
(see Fig. 42).

treatment angle [°] sp? [%] sp? [%] C-0 [%] C=0 [%]

raw 11.76 64.52 2.79 20.93

0 9.82 73.59 0.07 16.52

30 9.16 74.60 0.99 15.25

60 9.04 66.15 9.82 15.00
120 11.33 72.31 1.60 14.75
150 4.64 71.84 7.36 16.15
180 11.94 75.26 0.41 9.03

Table 5: Percentage of different C bonds at the Cls peak of angle dependent O5 plasma treated PHB
(see Fig. 43).

’treatment angle [°] sp? [%)] sp® (%] C—-0 [%] C=0 [%]
raw 6.58 71.82 1.64 19.96
0 11.88 76.81 1.84 9.47
30 16.89 62.65 7.08 13.38
60 19.51 62.74 2.73 15.01
120 18.79 65.95 3.29 11.97
150 6.84 70.87 7.21 15.08
180 3.44 76.66 8.69 11.21
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Fig. 44: XPS survey for angle dependent O3 plasma treated PLA. Highlighted is the Ols and the
later analyzed C1s peak.
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Fig. 45: XPS survey for angle dependent O, plasma treated PHB. Highlighted is the Ols and the
later analyzed C'ls peak.
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7.9.2. Near edge X-ray absorption fine structure (NEXAFS)

Before the C- and O-edge measurements, the soiling of the grating and mirror artifacts were
determined by a gold edge [1S]. In order to minimize charging effects due to beam irradiation
an integrated flood gun is used. To prove the reproducibility and the homogeneity, the C-edges
shown here was measured at two different positions. Background noise correction spectra
normalizing, smoothing and synchronizing with the ring current decay was performed using
Origin8.1Pro. The obtained ratios of the relevant bonds are normalized to the C' = C'r peak
by shifting the whole spectrum from the measured position to 284.85 eV [25-4S].
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Fig. 46: NEXAS for raw and angle dependent Oy plasma treated PLA. Fig. A shows the full NEXAFS
spectra from 280.0 to 310.0 eV. Fig. B shows a magnification between 287.0 to 290.0 eV for
the C—O peak (here: = 288.5 V).
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Fig. 47: NEXAS for raw and angle dependent Os plasma treated PHB. Fig. A shows the full NEXAFS
spectra from 280.0 to 310.0 eV. Fig. B shows a magnification between 287.0 to 290.0 eV for
the C—O peak (here: = 288.5 eV).
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7.9.3. Atomic force microscope (AFM)

Fig. 48: 5.0 x 5.0 um? AFM images showing untreated (a) and angle dependent O, plasma treated
PLA for 0° to 180° (b-g). Fig. 35 is the 3D display.
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Fig. 49: 5.0 x 5.0 ym? AFM images showing untreated (a) and angle dependent O, plasma treated
PHB for 0° to 180° (b-g). Fig. 35 is the 3D display.
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8. Controlling the sp*/sp?® ratio of amorphous hydrogenated
carbon layers (a-C:H) on polylactide acid (PLA) at constant

distance but angle-dependent deposition

This article by Lucas Beucher, Torben Schlebrowski, Melanie Fritz, Stefan Wehner and Chris-
tian B. Fischer has been released in Surfaces and Interfaces Volume 30, June 2022, 101856
with the DOI: 10.1016/j.apsusc.2023.157450. The paper expands the paper Surface treat-
ment of biopolymer films Polylactic acid and Polyhydroxybutyrat with angular
changing oxygen plasma — More than just gradual purification and shows the angle-
dependent a-C:H coating of different layer thicknesses on PLA surface treated with Os. The
films used were purchased from Goodfellow GmbH, Friedberg, Germany. The plasma coating
was carried out at NTTF Coatings GmbH, Rheinbreitbach, Germany by L. Beucher. The
measurements and evaluations of CA, AFM morphology and WVTR, were carried out by L.
Beucher. The SEM images were taken by K. Eshtaya and analyzed by L. Beucher. The syn-
chrotron based X-ray spectroscopy measurements were performed at the Helmholtz-Zentrum
Berlin fiir Materialien und Energie, Berlin, Germany at the beamline of the Karlsruhe Insti-
tute for Technology, Group: Chemistry of oxidic and organic interfaces; X-ray and Electron
Spectroscopy at Interfaces by L. Beucher, T. Schlebrowski, M. Fritz and C.B. Fischer. The
analysis was carried out by L. Beucher. The results were presented and discussed in the

Surface Physics research group. The formatting was changed and adapted to the thesis.

8.1. Graphical abstract
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Fig. 50: Graphical abstract of controlling the sp?/sp® ratio of amorphous hydrogenated carbon layers
(a-C:H) on polylactide acid (PLA) at constant distance but angle-dependent deposition.

8.2. Abstract

The biopolymer polylactide acid (PLA) is suitable as an eco-friendly substitute for conven-
tional polymers, but polymer surfaces often do not meet industrial requirements and thus
severely limit applications. Surface adhesion, substrate related decomposition and barrier
permeability can be modified with plasma-deposited thin amorphous hydrogenated carbon
(a-C:H) coatings. Their properties depend significantly on the sp?/sp® ratio, here to be con-
trolled by changing the coating geometry between sample and plasma source. A 50 um
PLA film was a-C:H coated at different angle settings (30° intervals) for 2.5, 5.0, 7.5 and

10.0 min to analyze angle-dependent layer growth. Surface morphology was recorded by scan-
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ning electron and atomic force microscopy, and the surface free energy (SFE) and contact
angle were determined. Modified barrier properties such as the water vapor transmission rate
were investigated and showed a reduction in permeability of up to 47% for defined coating
geometries and times. In addition, investigations of the top a-C:H layers by synchrotron as-
sisted X-ray techniques revealed angle-dependent changes in the sp?/sp® binding ratio. The
angle-dependent coating not only changes the chemical composition of the layer, but also

improves the barrier properties and extends the SFE of PLA by an increased polar fraction.

8.3. Introduction

Surface modifications, for example plasma assisted coating processes, which have an even
greater impact on surface properties, allow the areas of application to be further expanded
and likewise individualized even for polymer materials. Nowadays, as sustainability and en-
vironmental compatibility are becoming more and more important in industrial processes
and products, biodegradable and bio-based polymers are increasingly used [1]. One of these
polymers is polylactide acid (PLA), which is based on corn starch and can be degraded
by naturally occurring microorganisms [2-5]. A proven method of coating biopolymers, and
PLA in particular, is to deposit a hydrogenated amorphous carbon (a-C:H) layer using radio
frequency plasma-induced chemical vapor deposition (RF-PECVD) [6-8]. Deposition on the
non- conductive (bio)polymer can be performed in low to high vacuum and at low temper-
atures [6,9-11]. Each coating is preceded by a 10 minute treatment with Oy plasma, which
has already been performed for PLA in an angle-dependent manner [12]. The surface prop-
erties of the a-C:H layer are basically dependent on the chemical composition; especially
on its sp?/sp> ratio and the hydrogen content [13-16]. By appropriate variation, different
surface properties such as high hardness or low friction can be implemented, which in turn
depends multifactorially on the gas composition, gas flow, prevailing pressure and ionization
power [13-16]. Another important factor is the coating geometry, which al- lows to control the
sp?/sp? ratio. It is known that an a-C:H coating applied directly in front of the source forms
sp® dominant layers, whereas coatings applied 180° away from the source (indirectly coated)
are sp? rich [6,11,14,16]. A gradually study of a more or less direct to indirect deposition for
these RF-PECVD mediated a-C:H coatings by changing the deposition geometry alone while
keeping all other parameters unchanged has not been performed yet. An advantage of this
method is that by simply rotating the sample surface to the plasma direction, a change can
be induced in respect to deposition thickness and morphology and subtle nuances in surface
texture can be achieved that would be more difficult to achieve by parameter changes alone.
In the current investigation the sp?/sp? ratio of a-C:H layers on PLA films is therefore to be
controlled by an angle-dependent coating, for which different coating thicknesses resp. coating
times are also applied. The produced a-C:H layers of different thickness are studied in terms
of microscopic and macroscopic impacts. Effects on surface morphology were recorded by
scanning electron microscopy (SEM) and atomic force microscopy (AFM). Surface sensitive
synchrotron X-ray techniques such as near edge X-ray absorption fine structure (NEXAFS)
and X-ray photoelectron spectroscopy (XPS) were used to investigate the chemical compo-
sition of the top plasma-fabricated a-C:H layers on the PLA and to confirm the gradually
change from sp? (0° of deposition) to sp? (180°) richer layers. The relation between sp?/sp3
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ratios and the macroscopic effects was studied by contact angle (CA) measurements and to
determine the surface free energy (SFE). The anticipated improvement in barrier properties
of the a-C:H coated PLA films was verified by water vapor transmission tests (WVTR).

8.4. Materials and methods

The pretreatment of PLA films (50 um, Goodfellow GmbH, Friedberg, Germany) is described
in detail in reference [12]. Therefore just briefly: PLA pieces of 10 x 5 ¢m are distanced
in a self-made rotator device with its pivot point 275 mm in front of the plasma source
(see Fig. 51). Samples were treated between 0° (direct) and 180° (indirect) in 30° inter-
vals. Each coating at the respective angular position starts with an Oy plasma (O purity:
6.0, 1 Pa, 60 scem/min, 200 W) for 10 min [8-10,12] followed by a-C:H deposition with
acetylene plasma (CyHy purity: 2.6, 0.65 Pa, 60 scem, 107 W) for 2.5, 5.0, 7.5, and 10.0 min.
The respective coating rate is ~ 10 nm/min for the direct and ~ 2 nm/min for the indi-
rect coatings. Please note: According to our previous investigations, no elevated temperature
could be detected for the films [6]; no deposits could be realized at 90° and will not be dis-
cussed further here [12]. The coating thickness was determined with a profilometer (Dektak
3, Veeco Instruments Inc., Plainview, NY, USA) by half-covering silicon wafers with vacuum-
compatible and residue-free removable Kapton© tape (Hi-Temp Masking Tape, Elegoo Inc.,
China).

degree
to back / / degree
to front
lasma
indirect direct P
source
150°/30°
i 275 mm

Fig. 51: Schematic representation of the angle-dependent coating process.

The surface of the plasma-treated samples was examined with a scanning electron micro-
scope (SEM515, Phillips, 10 — 20 KV WD 20 mm). Charging effects could be eliminated by
a 17 nm thin gold layer on each sample, ensuring that the imaged surface could be assigned
to the a-C:H layer. Further morphological details were investigated using atomic force mi-
croscopy (Asylum Research MFP-3D-BIO, Oxford Instruments, Abingdon, UK) by acquiring
a 5 x 5 c¢m height profile (resp. 512 x 512 px) at a speed of 5 um/s using AC240TS can-
tilevers (Oxford Instruments, Abingdon, UK) in contact mode at ambient conditions. Images,
at least from three different positions to ensure homogeneity, were analyzed and processed
using Gwyddion 2.58 (GNU General Public License), whereby artifact smoothing and noise
suppression was achieved via filters with a mean, median, and conservative noise reduction
of 3 px each. Respective 3D graphics show deflection retrace, whereas roughness R, and R,
were determined from height retrace. The surface wettability was studied with a contact an-
gle goniometer (OCA 15EC, DataPhysics Instruments GmbH, Filderstadt, Germany) with
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1 pl of distilled water dispensed onto the surface under ambient conditions (sessile drop tech-
nique). Contact angles were determined at five different unoccupied locations to obtain a
representative average value of the surface wettability. The surface free energy (SFE) was de-
termined indirectly by observing dispersive as well as polar interactions with the CA-analysis
of five different liquids (water, diiodo- methane, 1-bromonaphthalene, formamide, and ethy-
lene glycerol, each of HPLC quality) followed by the Owens, Wendt, Rabel and Kaelble
method (OWRK). The dispersive forces (e.g., hydrocarbons) and polar forces (e.g., water)
are determined between temporarily occurring asymmetric charge distributions. The respec-
tive polar (v,) and dispersive (vy4) fractions of the solvents are described in the literature
[17,18]. With the W3/031 Water Vapor Transmission Rate Tester from Labthink (Labthink
GmbH, Neu-Isenburg, Germany) barrier properties are examined according to DIN 53122-1
/ 1SO 2528:2017 (area normalized to 1 m? and 24 h) [19,20]. Here, the sample is clamped in
a homemade adapter (test area: 4.91 em?) with the coated sample surface facing the water
reservoir (10 ml deionized water, 38°C' and 90% relative humidity difference) [19,20]. After a
test interval of 90 min the water loss is automatically determined by weighing. The procedure
was repeated four times per measurement and twice per coating angle. The top surface com-
position with carbon and oxygen was analyzed with X-ray photoelectron spectroscopy (XPS)
and near-edge X-ray ab- sorption fine structure (NEXAFS) at the synchrotron facility of the
Helmholtz-Zentrum Berlin at beamline HE-SGM [21] in the low alpha mode (ring current
max. 100 mA, decay mode). XPS was recorded at two different positions between 600 and
0 eV (measured from 700 to 0 eV') with a resolution of 0.1 eV. The Cls peak was analyzed
using CasaXPS software (v 2.3.18, Casa Software Ltd., United Kingdom), and the pro- por-
tions of sp?, sp3, C—0, and C=0 bonds were assigned and evaluated [22-24]. In addition,
the decrease of the Ols peak in the layers was monitored. NEXAFS was used to measure
the C- and O-edge; a correction for background noise was performed, and the spectra were
shifted to the C=C m-peak, normalized, and smoothed (see also SI). Subsequently, the C=C
o, C—C, and C—H peaks were attributed [21,22,25].

8.5. Results and discussion

The carbon plasma deposition rate by direct coating (0°) was confirmed with profilometry
as in previous studies at 10 nm/min [6]. The respective coating times of 2.5, 5.0, 7.5 and
10.0 min resulted in corresponding a-C:H thicknesses of 2.5, 5.0, 7.5 and 100 nm. At the
coating angle of 30°, a gradient due to the coating geometry (Fig. 51) was identified. A layer
thickness deviation of 10% towards the edges could be observed: At a deposition time of
~ 10 min, the center consists of a 100 nm layer; the edge closer to the plasma source results
in a deposition of 110 nm and 90 nm is deposited at the more distant edge. At the coating
angle of 60°, the gradient increases to 20%. Therefore, measurements were taken as far as
possible in the center. The coating rate for the indirect coating (180°) is reduced to one fifth
and could be confirmed to 2 nm/min [6]. This results in coating thicknesses of 5, 10, 15
and 20 nm for the respective times. In contrast to the more direct coating, these thicknesses
were also obtained uniformly at the angles of 120° and 150°; whereby a gradient is below the

resolution of the profilometer.
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The SEM micrographs in Fig. 52 show selected surface structures of raw PLA film (52a), the
O3 plasma treated ones (52a-e), and exemplary the films coated with 10 min a-C:H (52f-i) at
different angles. The reference sample 52a shows an evenly roughened surface characterized by
isolated particles or bumps, which are associated with dust particles from the ambient air or
impurities (additives) already deposited in the production process. Compared to the reference,
the 52b appears more pronounced and contrasted after the 10 min direct Os treatment.
This step mainly serves as cleaning and activation process but also leads to an exposure of
production-related structures. This is also visible for the incidence angle of 30° in 52c. From a
morphological point of view, the respective opposite angles 150° (52d) and 180° (52¢) show a
similar but less pronounced structure. It is assumed that the morphology at 60 and 120° also
shows similarities to the more directly and indirectly treated surfaces, respectively, and these
will be investigated in more detail via AFM. The smaller difference appears with an increasing
indirect plasma fraction, where the O, ion radiation becomes energetically lower and thus
changes the surface less. Compared to the PLA reference 52a or the Os treated samples 52b-e,
significant morphological changes can be seen for the a-C:H depositions (52f-1). Fig. 52f shows
the PLA film 52b after the 10 min a-C:H coating with a resulting layer of 100 nm. Here an
overall covering layer is obtained showing no structures of the Oy plasma cleaning in 52b or
the PLA reference film in 52a. However, cracks occur throughout the entire layer, with some
of the fracture edges appearing partly straight and smooth, and others partly interlocked,
which is contrary to our earlier findings [8]. In addition, a bulging of the layer is visible,
which is caused by stress effects for which a sp? rich layer is known [6] (see also section 3.5
XPS). After exceeding a critical value of residual stress [16], this leads to the phenomenon of
“cord buckling” [28,27] and finally to tearing of the layer. Possible reasons for the occurrence
of such stresses may be different expansion or material coefficients of both PLA and a-C:H.
Different batches and varying proportions of additives may also cause such effects, especially
in direct comparison to previous studies of other batches. Likewise, the a-C:H layer may have
formed islands in the early stages of coating growth with corresponding interactions leading
to macroscopic deformations [26]. At a coating angle of 30°, the deposited layer has an evenly
closed surface structure in which the typical pattern of the embedded raw material is weakly
visible. That is, an angle-dependent coating unequal to a frontal coating reduces the internal
stress to such an extent that no cracks or cord buckling effects are no longer detected. This
is the same for 150° and 180°, even if the coating is significantly thinner within the range of
20 nm. It should be noted that at 180° the Os treated surface is mapped most clearly, which

is be explained by the indirect coating.
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Fig. 52: Selected SEM micrographs of raw (a) and O; treated (b-e) PLA films and 10 min a-C:H
coated PLA surfaces (f-i) at selected angles.

Fig. 53 shows the surface morphology of PLA films using the example of the 10 min angle
dependent a-C:H coating recorded by AFM. The surface treated angular with O, as well as
the raw PLA film is described in detail elsewhere [12]. The average roughness R, and the
root mean square roughness R, of these coatings is summarized in Table 6. The surface of
the directly deposited (0°) 10 min a-C:H in 53a exhibits in the subsurface the coarse-grained
structure (1 — 3 um) of the equiangular Oy cleaned film, with the texture appearing more
filled and smoothed. This is also evident in the roughness; if R, of Os treated PLA is 41.9 nm
[12], it is reduced to 18.1 nm here (R, from 51.8 to 23.3). Well formed small grains, which are
assigned here to the a-C:H layer, with sizes between 0.1 and 0.5 wm are found on this surface.
A similar picture emerges with the 30° coating in 53b. The substrate is fully covered and a
similar granular structure is visible, but the contrast is less pronounced. This is also reflected
in the increase of the height profile from 11.4 to 17.0 nm and the roughness R, and R, to
21.4 and 26.3, respectively. This increasing trend is in contrast to the roughness observed
for the O9 treatment, which decreases with increasing angle [12]. This continues up to the
60° coating: The roughness R, increases to 28.2 nm and R, to 34.1 nm with a height profile
remaining similar. Morphologically, the previously Os treated structure is more prominent

here, but the grains are not as pronounced as before (0°/30°) and more widely dispersed.
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Therefore, the grain-like structure is more due to the morphology of the Oy structure. As
the angle progresses, this subsurface trend is also observable. Even at 120° (53d), coarse Oq
structures can be seen super- imposed. However, the resulting grain size is much smaller with
around 0.1 wm, which is apparent in the decreasing height profile and in lower roughness
values, showing that interlayer growth (the transition from the polymeric PLA surface to
the applied a-C:H structure [11]) is not yet complete. At 150°, as shown in 53e, few coarse
structures from the Og treatment are also present [12]. The grain density is higher, but the
main pattern remains the same. The height profile stays about the same and roughness values
R, and R, decrease to 7.6 and 9.8 nm, respectively, due to the lower initial structure and the
high, but not pronounced grain structure. For coatings at 180° in 53f, no granular structure
is discernible, but a surface morphology similar to that of the Oy treatment is produced, but
it appears smoother and less structured with a similar height profile. However, the roughness

here increases again to 11.3 and 15.2 nm for R, and R, (8.2 and 11.0 nm for Oy treatment).

T 154

Fig. 53: AFM micrographs of 10 min a-C:H coated PLA samples at angle settings of 0 — 180° in
30° steps (a-f). Opposite each other are the respective counter-angles. The first two pictures
show the surface of raw and direct Oy treated PLA [12].
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Table 6: Average roughness R, and the root mean square roughness R, of 10 min angle dependent

a-C:H plasma depositions on PLA films.

coating angle R, R,
[°] [nm)] [nm]

0 18.1 +£49 23.3+5.9

30 214+ 45 26.3+4.9

60 28.2 +£ 3.8 34.1 £4.0

120 13.2 + 3.1 16.5+ 3.4

150 76+20 98+26

180 11.3 + 4.3 152 +£6.2

8.5.1. Contact angle (CA)

The surface wettability or the resulting CA between the deposited a- C:H surface, the liquid
and ambient air results from the combination of surface structure [29-31], chemical bonds [32-
36], and the degree of hybridization on the surface [37]. C—H bonds on the surface prevent
possible interaction with water [33-36], which results in a hydrophobic layer for hydrated
surfaces. However, if the surface contains more oxygen groups or is intentionally oxidized
resp. preactivated, this leads to a more hydrophilic character [33]. Moreover, a change in the
hybridization states also causes a change in the CA behavior on the sample surface [37]. An
sp® rich surface has a lower CA than an sp? rich a-C:H layer, reasoned by a modified SFE.
The low polarity of their free bonds for sp? hybridized carbon has a lower surface energy
compared to the covalent character of sp® bonded carbon [36]. Fig. 54 illustrates the sum of
CAs of the different coating times minus the respective reference CA - resulting from the Oq
treatment - over different deposition angles. A negative value indicates a lower CA compared
to the reference. The CA values for the respective samples treated with only Oy plasma are
displayed [12]. The first value (11°A) shows raw untreated PLA with a CA of 78°, minus
the CA of the surface treated with Oy (at 0°, 67° [12]). It can be seen that the wettability
is predominantly reduced by applying the a-C:H layer to the surface previously treated with
oxygen and means that oxygen groups are covered. The partially large error deviations make
an accurate analysis rather difficult; nevertheless, the following conclusions can be drawn. For
the CAs at 5.0 min, a strong fluctuation is evident, which is attributed to interlayer effects
[11]. For the remaining coating times, a decrease of the CAs with increasing direct (0 — 60°)
coating angle can be observed, whereby firstly the initial value is different in each case and
secondly the decrease of the CAs is smaller with higher coating times, which indicates a more
homogeneously coated surface. For 2.5 min, the CA decreases from —4°A, through —10°A to
—18°A. The CA at 7.5 min is positive, i.e. above the value of the O reference, at about 3°A
and decreases to 14°A. For 10 min direct coating, the influencing factor of morphological
effects has an impact on the CA and the visible cracks can be responsible for fluctuating CA
(see delamination in Fig. 52f). For the time being, it is assumed that the CA is similar for 0
and 30° (approx. 1.5°A) with a slight descend towards 30° and a larger error bar. For 60°,
the CA drops to 8°A and remains in the region for 120° in the error analysis. Therefore, the
deposited a-C:H layer shows an only slightly fluctuating sp?/sp® hydrogenation ratio. Also
for 7.5 min the value between 60° and 120° is almost the same at —14°A. For 2.5 min it can
be assumed that the CA for 60 — 180° is in a very small interval (between 11°A and 16°A),



8 Paper II: Angle-dependent controlling sp?/sp? ratio of a-C:H on PLA 99

since the deposited layer can be considered very thin. From the coating angle 120° to 180°
and 10.0 min, the CA increases constantly, from about —1.5°A to 3°A, respectively. In the
maximum case (180°), the CA even exceeds the corresponding value of the reference treated
Os. This is due to a higher sp? content, which was detected in the XPS analysis (see section
XPS). Overall, however, it must be said that there is no uniform surface, so that the CA
measurements are prone to error. This increase in CA can also be seen at 7.5 min, where the

value changes from —14°A (for 120°) to —4°A, so it does not exceed the value of Os.
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Fig. 54: CA of coating angles from 0° to 180° and treatment times of 2.5, 5.0, 7.5 and 10.0 min
minus the respective Oy reference value. The first gray patterned bar shows the CA for raw
untreated PLA (78°). The O treated CA (direct: 67°) is described in detail in [12].

8.5.2. Surface free energy (SFE)

For the coating times of 2.5, 7.5 and 10.0 min, it can be seen in Fig. 55 that the disperse
fraction is subject to only small variations of 4 mN/m and can therefore be assumed to be
constant at 40 mN/m, which means that a-C:H coating of PLA changes the SFE by only
the polar fraction. For direct coating at 2.5 min, the polar content of 8 m/N/m increases to
14 mN/m and then decreases slightly to 12 m/N/m. Something similar applies for 7.5 min,
first increase from 6 to 11 mN/m, then decrease to 8 mN/m, although not as pronounced.
However, the total polar fraction is lower, which is consistent with the observation of CAs
in Fig. 54. At 10.0 min, no difference can be detected anymore and the range of value is
between 12 and 14 mN/m. The indirect coating angles are also similar at 7.5 and 10.0 min.
At 2.5 min, the polar fraction is 11 mN/m - similar to 60° - increases to 16 mN/m at 150°
and then decreases back to 9 mN/m again, as can also be seen in the CAs (Fig. 54). In
contrast, the 7.5 min indirect plasma deposition results in a different pattern, characterized
by a steady decrease in the polar fraction from 15 to 11 mN/m, while the disperse fraction
can still be considered more or less constant. The increase at 120° could be due to following
reasons: a higher concentration of C—C bonds and fewer C—H bonds compared to before,
an oxidized surface, or the shining through of O groups through the layer. The decrease at

150° and 180° most likely results from the saturation of dangling bonds by hydrogen, i.e., an
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increase in C—H bonds, or the increase in sp? bonds due to the indirect coating of the surface
(see section 3.5 XPS). In comparison, the indirect polar fraction decreases more strongly at
10 min from 14 to 7 mN/m. The lower fraction compared to 7.5 min is also described in
the CAs. As with the CA data, considerable variation in SFE is observed at a coating time
of 5.0 min, although some values are also in the range of the other coating times. The polar
fraction is nearly constant at 10 mN/m for direct coating (0 —60°), which corresponds to the
increase in the O9 treated sample; the indirect coatings are also constant at 14 mN/m with
a slight increase at 180° (17 mN/m). The dispersed fraction, however, shows strong interval
variations from 43 to 35 mNN/m, which could indicate that the Oy surface (30 mN/m) could
always shine through the layer, which could be attributed to interlayer effects.
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Fig. 55: Time-dependent SFE courses of PLA as a function of the angular direction of the a-C:H
deposition. The filled symbols show the course of the total energy, the empty symbols and
the gray shaded area show the disperse component. The colored shaded areas show the polar
component. Fig. 55a shows the profile for 2.5 min; the first two symbols here represent the
raw and the Oq treated surface, which are described in detail in [12]. These are also the
reference for b (5.0 min), ¢ (7.5 min) and d (10.0 min).

8.5.3. Water vapor transmission rate (WVTR)

In Fig. 56, the water vapor transmittance results of the individual coating times are given as
subtraction from the respective O plasma treatment values as reference and plotted to the
coating angles. A negative permeability thus describes a reduction compared to the reference;
a positive value an increase. The first, separated value with 8 Ag/(m? - 24 h) shows the
permeability of raw, untreated PLA with an averaged value of 122 g/(m? - 24 h) minus
the direct Oy treated result of 114 g/(m? - 24 h) [12]. The higher value compared to the
O, treated surface shows a decrease in permeability due to the Oy pretreatment process,
which was investigated in detail in [12]. Since the morphology of the surface appears rough
and uneven and inclusions from the manufacturing process are present (see SEM Fig. 52b),
diffusion of water molecules is obviously favored despite high CAs [6-8]. PLA has also been
shown to have process-related channels through which liquid can enter the polymer [6-8].

A 2.5 min coating results in similar values to the Oy treated surfaces at all coating angles,
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with transmittance tending to be slightly improved (down to ca. —4 Ag/(m? - 24 h)) for
direct coatings (0 — 60°) and slightly reduced (up to ca. +10 Ag/(m? - 24 h)) for indirect
coatings (120 — 180°), with a local minimum at 120° of +2 Ag/(m? - 24 h). These values
show that a very thin a-C:H layer (less than 25 nm) does not change the barrier effect of
PLA much compared to its Oy treatment. It is assumed that the pores described in [7,12]
have not yet been significantly closed. The 7.5 and 10.0 min coatings show a rather similar
behavior here for the WVTR. After a direct 10 min a-C:H coating, the WVTR decreases to
39 Ag/(m?-24 h), which corresponds to a reduction of more than 38% compared to the raw
PLA. Here, it can be assumed that the barrier property would be better due to the surface
coverage in the case of a closed coating in contrast to the observed cracks (see SEM Fig.
52f). Nevertheless, the transmittance is reduced by about 40% with respect to the starting
material, confirming the results of Boeva et. al [7] for a 120 nm thick, sp? enriched a-C:H
coating on PLA. A similar improvement in barrier properties with 31 Ag/(m? - 24 h) or
36% reduction compared to the raw PLA is observed with the 30° coating. The increase
in the error range can be explained by the thickness gradient observed at 30°. At 60°, the
barrier effect decreases strongly and is at a similar value, as for the sample treated with
pure Oy plasma. From 120° to 180°, a reversal of this phenomenon can be observed. The
transmittance after the carbon coating is even greater than after the Oo plasma treatment. It
is suggested that a less pronounced interlayer forms a lower barrier characteristic due to an
indirect coating [7] and inverts the reorganization processes suggested in [12] due to the prior
Os plasma treatment. At 7.5 min, the permeability at 0° is reduced to a maximum of 47%
reduction or —49 Ag/(m?-24 h). This value again decreases with increasing coating angle up
to 60° to —12 Ag/(m?-24 h) and is consistently in the positive range for the indirect coatings
(120—180°). For 5.0 min, an increase in the transmittance of down to 36 g/2-24 h) is observed
and an increased error range. The value for 30° is with more than 40 g/(m?-24 h) somewhat
higher, but the error range is significantly larger. This again is attributed to the mentioned
interlayer properties, which clearly depend on the coating time and the angle setting to the
plasma source. For the 60° it turns into a positive value of 5 Ag/(m? - 24 h) that is also
retained in the case of indirect coatings. In summary, the permeability is strongly reduced
for the coatings with an angle below 60° over all relevant coating times and even re- verses to
increase starting at 120°, which more or less persists until 180°. In the case of direct coating,
it can be seen that the transmittance in- creases with increasing coating time. The slightly
reduced permeability at 10 min is also attributed here to the fractured layer (see SEM Fig.
52f). Overall, a change in permeability with increasing coating angle can be observed, with
the initial value depending on the coating thickness. However, already from the 60° geometry,
the permeability is almost at the level of an Oy plasma treated sample, which constrains the

application range for effective permeability characteristics of the coating here to below 60°.
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Fig. 56: WVTRs at different angles and different treatment times minus the corresponding O, refer-
ence transmittance data (described in detail in [12]). The first, gray patterned value shows
the corresponding raw PLA result less the Oy reference value.

8.5.4. X-ray photoelectron spectroscopy (XPS)

The O2 plasma pretreated PLA surface forms an a-C:H layer as the impinging species from
the acetylene plasma react with the rearranged surface and thereby also with the provided
O bonds. The resulting bond characteristics can be identified in the respective XPS Cls
peaks and are clearly different from the raw and O2 plasma treated samples [12]. In Fig. 57,
the amount of carbon-containing bond states extracted from the Cls signal are displayed in
percentage for the sp? (a), sp® (b), C—O (c), and C—O (d) content, where the quantitative
bond fraction is plotted versus the coating angle. The percentages were determined from
the corresponding Cls peak (284.80 eV') [22-24]. Up to an angle of 60°, the sp? fraction is
dominant over all coating times, but decreases successively from its maximum up to 56%
at 10 min and about 50% for 2.5 min in the direct coating, in agreement with previous
results [8]. In contrast, the proportion of sp? bonds increases and is becoming dominant in
the indirect coating. The change from sp® to sp? dominated behavior by direct or indirect
coating has already been shown for other polymers such as polyethylene terephthalate [37]. In
all samples, oxygen groups are also found as C—0O and C—O groups, with the C—O fraction
being slightly higher. However, compared to C—C or C=C, both are present in lower amounts.
For 2.5 min direct coating the sp® content initially remains at over 50%, but then drops to
35% at 60°. At 120° it increases slightly to 35% and drops in the further course continuously
down to 28% for 180°, which corresponds to the lowest sp3 content of the layers. The sp?
alternates in the interval of nearly 28% for 0°, up to 48% for 120°, and nearly 35% at 180°.
The C—O content is, apart from 30° with 3%, between 8 and 15%. The C—O content is
around 9% at 0°, 30°, 120° and over 20% at the remaining angles, with a maximum of almost
25% at 150°. For 5.0 min, the sp? content increases steadily for direct coatings from 23 to
nearly 44%, alternating abruptly between 39% for 120° and 49% for 150°, which was also
observed in the CA and SFE data. The sp? content decreases steadily from nearly 56% at 0°
to 30% at 180°, after an increase at 150° to 42%. The C—O content also alternates strongly
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be- tween 19% and less than 1%, as does the C—O content between 2% and 13%. This
alternation of bonds is also observed in the CA and SFE analysis and is an indication that
a pronounced interlayer behavior is present [8]. For the 10 min deposition time the fraction
for sp3 starts with a maximum of nearly 56% at 0°, drops to 47% at 30°, fluctuates between
60° to 150° from approximately 43% and slightly more than 44% and reaches a minimum
of less than 34% at the indirect plasma treatment with 180°. The sp? fraction shows the
opposite behavior, with minima of 37% at 0° and 30°, respectively. Thereafter, it increases
and becomes dominant from a coating angle of 120° to its maximum of nearly 60% at 180°.
In the case of direct coating, the content of oxygen groups seems to be more present than
for indirect angles. From 0° to 60°, the C—O content increases continuously to about 7%,
then is no longer detectable in sufficient quantity until 180°. The C—O content has a similar
course. It starts to increase from 7% at 0° to more than 13% at 30° but decreases already
at 60° back to 8% and further down to less than 3% for 120° and 150°, respectively. At
180° it increases again to a value of more than 6%. This change in the oxygen groups and
the changing chemical environment could be a reason for the shifting peaks in the overview
(see SI for survey spectra). Furthermore, it can be seen that fewer O-bonds can be detected
compared to the Os treated surface and compared to the other coating times, which also

explains the lower CAs.
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Fig. 57: XPS course of treatment angles from 0° to 180° plus the selected coating times of 2.5, 5.0
and 10.0 min depending on their a) sp?, b) sp3, ¢) C—0, and d) C—O content, respectively.
The O2 plasma treated reference is shown by grey empty circles for completeness [12].

8.5.5. Near-edge X-ray absorption fine structure (NEXAFS)

The NEXAFS spectra are evaluated according to section 2 and normalized to the C=C =«
to analyze the binding state ratios. Peak positions were determined according to C=C =
(284.85 eV'), C—H (286.40 V'), C—C (288.35 eV') and C=C o (292.55 eV') [22,23,38-40] and
any shifts were included. In the O treated sample the C—C peak is dominant, this is changed
by the 10 min a-C:H coating and the emerging C=C 7 bond dominates at all coating angles
and the C=C o is filled up. In Fig. 58b it can be seen that the indirectly and directly coated
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layers are very close to each other, which is also confirmed by the XPS results. The lower
intensity of the indirect layers is attributed to the fact that it is strongly influenced by the
O containing surface (Fig. 58a). The C—H signals are very similar over all coating angles,
which correlates with the CA and SFE measurements. In Fig. 58¢, a decrease in C—C bonds
with direct coating is observed with increasing coating angle, although the indirectly coated
layer is more intense, which is due to the shining through of the Oy treated PLA substrate.
The indirect peaks are also close together here, with a slight increase at 180°, which is also
consistent with the XPS results. The NEXAFS data for the 2.5 and 5 min can be found in
the SI.
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Fig. 58: NEXAS for 10.0 min angle-dependent a-C:H coated PLA. a) shows the full NEXAFS spectra
from 280.0 to 310.0 eV including the O, plasma treated reference (dotted line). In addition,
the Oq treated surface is shown dashed in black. In b) the C=C 7 (284.85 e¢V') and C—H
(286.4 eV') peaks are shown between 283.0 and 287 eV. ¢) shows a magnification between
287.0 and 290.0 eV for the C—C peak (here: ~ 288.5 eV).

8.6. Conclusion

A variable sp?/sp? ratio of a-C:H layers on PLA biopolymer films was achieved by changing
the coating geometry using an RF-PECVD acetylene plasma and at different deposition
times. SEM images consistently show intact a-C:H depositions except for the frontal coating
at 10 min. The AFM images show that the roughness of the layers de- creases compared to
the O, treated surface. The roughness of the coating itself increases with an advancing angle
for the direct coating, which also contributes to the decrease of the CA compared to the
O, treated films. With the indirect coating, the roughness decreases abruptly and remains
at a similar level. The XPS studies confirm for all coating times that sp® hybridized bonds
dominate for a coating applied at 0°, decreasing with increasing angle to their minimum at
180°. The sp? fraction is the opposite, increasing and dominating in the indirect deposition.
The sp?/sp? ratio can thus be adjusted with the aid of the appropriate coating geometry
and also brings about further changes in the properties. A directly coated sample increases
the SFE by the polar fraction. This finding is independent of the coating angle in the case
of increasing coating thickness with the direct coating. For the indirect coating, the polar
fraction is initially greater for thicker coatings, but then decreases with increasing angle.
Alternating bond fractions and SFEs indicate here that interlayer characteristics are present
up to a layer thickness of 50 nm (5.0 min for 0°). Regarding the barrier properties, it should
be noted that the thicker the a-C:H layer is at the direct depositions the greater the barrier

properties are. In particular, the jump in the WVTR from 2.5 to 5.0 min is significant, as
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it is assumed that existing pores of the base material are effectively closed. Already at the
30° deposition, the transmission is strongly improved; as the angle progresses the behavior
becomes asymptotic and subsequently only low quality barrier proper- ties are observed.
In the case of the indirect deposition, the transmission becomes even higher than for the
O, treated samples. In summary, a window of opportunity for a successful alteration of the
sp?/sp?® ratio for PECVD mediated a-C:H coatings on the biopolymer PLA films could be
provided in terms of deposition time and angle geometry, with the most significant changes

in barrier properties with a maximum value of 47% between 0° up to 60°.
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8.9. Supporting Information
8.9.1. X-ray photoelectron spectroscopy (XPS)
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Fig. 59: XPS survey for angle dependent 2.5 min a-C:H layer on PLA. Highlighted is the Ols and
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Fig. 60: XPS survey for angle dependent 5.0 min a-C:H layer on PLA. Highlighted is the Ols and
the later analyzed Cls peak.
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Fig. 61: XPS survey for angle dependent 10.0 min a-C:H layer on PLA. Highlighted is the Ols and
the later analyzed Cls peak.



8 Paper II: Angle-dependent controlling sp?/sp? ratio of a-C:H on PLA 112

8.9.2. Near edge X-ray absorption fine structure (NEXAFS)

The NEXAFS peaks are determined by [1S-6S] and normalized to the C=C 7m-peak (284.85
eV). Charging effects were minimized by an integrated flood gun. To ensure reproducibility
and homogeneity, the C edges shown here were measured at two different positions on the
sample. Grating and mirror artifacts were determined by previously measuring a gold edge
[7S,85], and background noise was normalized with Origin8.1Pro, smoothed, and synchronized

with the decay of the ring current.
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Fig. 62: NEXAS for 2.5 min angle dependent a-C:H coated PLA. A shows the full NEXAFS spectra
from 280.0 to 310.0eV. In B the C=C 7 (284.85 eV') and C-H (286.4 eV') peaks are shown
between 283.0 to 287 eV. C shows a magnification between 287.0 to 290.0 eV for the C-C
peak (here: ~ 288.5 V).
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Fig. 63: NEXAS for 5.0 min angle dependent a-C:H coated PLA. A shows the full NEXAFS spectra
from 280.0 to 310.0eV. In B the C=C 7 (284.85 eV') and C-H (286.4 eV') peaks are shown
between 283.0 to 287 eV. C shows a magnification between 287.0 to 290.0 eV for the C-C
peak (here: ~ 288.5 eV).
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9. Deposition of amorphous hydrogenated carbon layers (a-C:H)
as a function of time and angle: A powerful process to develop

surface properties for polyhydroxybutyrate films

This article was written by Lucas Beucher, Torben Schlebrowski, Stefan Wehner and Christian
B. Fischer, and has been submitted to Applied Surface Science and is in the review process.
The article extends the article Surface treatment of biopolymer films Polylactic acid
and Polyhydroxybutyrate with angular changing oxygen plasma - More than
just gradual purification and shows the angle-dependent a-C:H coating of different layer
thicknesses on PHB surfaces treated with Os. The films used were purchased from Goodfellow
GmbH, Friedberg, Germany. The plasma coating was carried out at NTTF Coatings GmbH,
Rheinbreitbach, Germany by L. Beucher. CA, AFM measurements and evaluations were
performed by L. Beucher. The SEM images were taken by K. Eshtaya and analyzed by L.
Beucher. The synchrotron-based X-ray spectroscopy measurements were carried out at the
Helmholtz-Zentrum Berlin fiir Materialien und Energie, Berlin, Germany, at the beamline of
the Karlsruhe Institute of Technology, Group: Chemistry of Oxidic and Organic Interfaces;
X-ray and Electron Spectroscopy at Interfaces by L. Beucher, T. Schlebrowski, M. Fritz and
C.B. Fischer. The analysis was carried out by L. Beucher. The results were presented and
discussed in the Surface Physics research group. The formatting was changed and adapted

to the dissertation.

9.1. Graphical abstract

0° 30° 60° 120° 150°  180°

Ll

direct indirect
Time and angle-dependent a-C:H plasma deposition on PHB

Fig. 64: Graphical abstract of controlling the sp?/sp? ratio of amorphous hydrogenated carbon layers
(a-C:H) on polyhydroxybutyrate (PHB) at constant distance but angle-dependent deposi-
tion.

0.2. Abstract

Polyhydroxybutyrate (PHB) is a biodegradable polymer derived from renewable raw materi-
als with similar mechanical properties to petrochemical polypropylene. Similar to the latter,
the surface properties required for a wide range of applications are demanding and can only
be achieved through controlled treatment. Suitable surface modifications can alter the wet-
tability and chemical structure by applying thin layers of amorphous hydrogenated carbon

(a-C:H) by low-temperature radio frequency plasmaenhanced chemical vapor deposition. The
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surface properties are influenced by the sp?/sp® ratio of the coating, which depends, among
others, on the angle of incidence of the plasma on the sample. Accordingly, changing the
coating geometry also changes the layer properties. Therefore, a PHB film was coated with
a-C:H at different angles and with different thicknesses. Scanning electron and atomic force
microscopy recorded the surface morphology, while contact angle goniometry was used to
determine the respective hysteresis and surface free energy. It was found that the error range
of the contact angle hysteresis decreases with increasing layer thickness. Surface-sensitive,
synchrotron-assisted spectroscopy as well as specular reflection IR spectroscopy were used to
study the change in the surface chemical structure, detecting angle-dependent changes in the

sp?/sp® bond ratio.

9.3. Introduction

Plasma-based surface modifications, e.g. by applying a carbon layer, can be used in an in-
dividualized way to expand the already diverse range of applications for polymer films and,
for reasons of sustainability and environmental protection, for biopolymer films in particular.
One polymer film produced on an industrial scale is polyhydroxybutyrate (PHB). It can be
produced by bacterial fermentation [1,2] or by expression in plants [2-4] and serves as an
energy and carbon store in various microorganisms, reflecting a high level of sustainability
and environmental compatibility [4,5]. The deposition of hydrogenated amorphous carbon (a-
C:H) layers by radio frequency plasma-induced chemical vapor deposition (RF-PECVD) is a
common technique and the feasibility of depositing a-C:H layers on polymers under vacuum
conditions at low temperatures has already been demonstrated [6-8]. It has also been shown
that a-C:H can be applied to PHB films [6,9-11], in both direct and indirect (turned away
by 180°) coating directions with respect to the plasma source. In direct coating, a distinct
interlayer — a mixed layer of the base polymer and the deposited a-C:H — was found up to
a layer thickness of 20 nm [11]. The a-C:H layer deposited and the resulting properties are
fundamentally dependent on the ratio of sp?/sp? bonded carbon and the corresponding hy-
drogen content. By changing the sp?/sp? ratio, the surface properties such as high flexibility
or low friction can be varied [12,13]. The chemical ratio can be influenced multifactorially,
e.g. by the gas composition, the gas flow, the prevailing pressure and the ionization power
[12-15]. Furthermore, previous studies have shown that the coating geometry also plays a
significant role and that biopolymer films coated directly in front of the source have a higher
sp® content than those coated indirectly, which are sp? richer [6-8]. For instance, it was
observed for films of the biopolymer polylactic acid (PLA) that the application of an an-
gledependent a-C:H deposition with different layer thicknesses has a significant influence on
the sp?/sp?® ratio [8]. Furthermore, it increases the polar part of the surface free energy.
However, this proportion was higher with more indirect deposition than with the direct one.
In contrast to these findings for the PLA polymer films, a reverse effect is observed when
the present polyhydroxybutyrate films are used under equivalent conditions an experimental
set-up. The current study demonstrates that the sp?/sp? ratio of different film thicknesses
resp. deposition times on PHB can be controlled by an angle-dependent coating and reveals
which microscopic and macroscopic surface properties result from this. The main focus is

on the investigation of the chemical composition of the top coating, which was determined
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by surface-sensitive X-ray-based techniques such as near-edge Xray absorption fine structure
(NEXAFS) and X-ray photoelectron spectroscopy (XPS) and by specular reflection infrared
spectroscopy (SR-FTIR). The surface morphology was investigated by scanning electron mi-
croscopy (SEM) and atomic force microscopy (AFM). Contact angle measurements provide
information on the contact angle hysteresis (CAH) — which appears to approach a stationary
value with increasing film thickness — and the polar and disperse components of the surface

free energy (SFE).

9.4. Materials and methods

The polyhydroxybutyrate films (25 pum) were supplied in industrial quality (Goodfellow
GmbH, Friedberg, Germany), cut into pieces of 10 x 5 ¢m, clamped in self-made aluminum
frames to be mounted in a self-made, rotatable holder. The samples were coated directly (0°)
and indirectly (180°), as well as at angles of 30, 60, 120 and 150° with a RF-driven plasma
source (13.65 M Hz Copra DN 400, CCR GmbH, Troisdorf, Germany). The angular position
of 90° was omitted, as no deposits could be detected. During the treatment process, the center
point of the holder was always 275 mm away from the source. Fig. 65 shows the schematic

arrangement of the plasma source, as well as the fixed angledependent coating positions.

0°/180°
|,\4 30°/150°

IS 60°/120°
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/ -’
”~
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plasma direct _~

N\

indirect

Fig. 65: Schematic of the plasma coating set-up with angle indications. The source distance of 275 mm
to the center of the samples is marked with a black dot.

Before applying the main carbon coating, the polymer surface is treated with an O plasma
(1 Pa, 60 scem/min, 200 W) according to previous work [16]. The obtained results for this
preprocessing of PHB from [16] serve as reference in the following context. The a-C:H was
applied subsequently with CyHs plasma (0.65 Pa, 60 sccm/min, 107 W) for 2.5, 5.0 and
10.0 min. The deposition rate was 10 nm/min for 0° and 2 nm/min for the indirectly ap-
plied layers as described in references [6-8]. The coating thickness and the resulting coating
rates were accordingly determined using a profilometer (Dektak 3, Veeco Instruments Inc.,
Plainview, NY, USA). The morphology was examined using a scanning electron microscope
(SEM, SEM515, -lips) with an operating acceleration voltage of 10 — 20 kV at an average
distance of 20 mm. The samples were previously coated with a layer of gold about 17 nm
thick to avoid charge effects. Similarly, a height profile of a 5 x 5 um area was recorded

using atomic force microscopy (AFM, Asylum Research MFP- 3D-BIO, Oxford Instruments,
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Abingdon, UK) in contact mode at ambient conditions. The 3D graphs were created with
Gwyddion 2.58 and values for the root mean square roughness R, were determined. The anal-
ysis methods of contact angle hysteresis (CAH) and surface free energy (SFE) are based on
surface wettability and were investigated with a contact angle (CA) goniometer (OCA 15EC,
DataPhysics Instruments GmbH, Filderstadt, Germany) under ambient conditions. The CAH
was determined indirectly by subtracting the receding CA (RCA) from the advancing CA
(ACA). To determine this, the dosing syringe was positioned directly in a dispensed 1 ul drop
of water (HPLC quality) and this was expanded by 5 ul and then reduced again by 4.5 ul.
In addition to wettability and surface energy, the CAH also provides information about the
surface roughness and adhesion [17-19], as well as the mobility of the droplets. The SFE of
the samples was determined indirectly using the Owens, Wendt, Rabel and Kaelble method.
For this purpose, a CA analysis of the dispersive and polar interactions of 1 ul with the
surface of five different liquids (water, dilodomethane, 1-bromonaphthalene, formamide and
ethylene glycerol) was statically investigated [19,20]. The near-surface composition of the
C and O compounds was investigated by synchrotron radiation at the Helmholtz-Zentrum
Berlin on the HE-SGM beamline in low alpha mode (ring current max. 100 mA) using X-ray
photoelectron spectroscopy (XPS) and near-edge X-ray absorption fine structure (NEXAFS)
[21]. The XPS spectrum was recorded between 600 and 0 eV with a resolution of 0.1 eV and
the proportions of sp?, sp?, C=0 and C—O bonds of the Cls peak were analyzed and evalu-
ated using CasaXPS software (software version 2.3.18, Casa Software Ltd., United Kingdom)
[22-24]. The presence of the Ols peak in the layers was also checked. The C-edge and O-edge
recorded by NEXAFS (see SI) were subjected to background noise correction in the course
of which they were shifted to the C=C 7 peak, normalized and smoothed. Subsequently, the
C=C o, C—C and C—H peaks were also identified [21,25,26]. The chemical composition of
the a-C:H layers was additionally analyzed by specular reflection infrared Fourier transform
spectroscopy (SR-FTIR) (Shimadzu IRPrestige-21 / measuring accessory SRM-8000A, Ky-
oto, Japan) at ambient conditions. Two ranges of spectra were recorded, each at least at
three different locations. Firstly, an overview spectrum from 450 — 4000cm ™" (4em™" reso-
lution, 100 repetitions) and secondly, a detailed measurement in the C—H stretching range
2800 — 3050cm ™! (1em™! resolution, 300 repetitions). The spectra were analyzed based on
the data of own work [7-11] and references [27-29]. An respective Os treated PHB sample
was taken here as background and subtracted from each spectrum to record the deposited
a-C:H layers separately using the IR Solution-FTIR Control software (software version 1.30,
Shimadzu Corporation, Kyoto, Japan). The spectra were then smoothed and the baseline

was straightened, which emphasizes the information in the spectrum.

9.5. Results and discussion
9.5.1. Layer thickness and morphology

With direct deposition at 0° in front of the source, a-C:H is deposited at a growth rate of
10 nm/min. Due to the selected coating times, layer thicknesses of 25, 50 and 100 nm are
achieved, which are verified by measurements using a profilometer. When changing the coating
geometry (see Fig. 65), the layer forms an angle-dependent gradient towards the edges. At
a coating angle of 30°, the layer growth is increased by 10% at the edge facing the source



9 Paper III: Angle-dependent controlling sp?/sp® ratio of a-C:H on PHB 118

and reduced by 10% at the edge facing away; at 60°, the gradient is +20%. In the middle,
however, the actual coating thickness of 25, 50 and 100 nm is achieved. At a coating angle of
90°, the analysis showed that it was not possible to apply an a-C:H layer, which is why this
coating angle is not discussed further. With indirect coating (120 —180°), it is noticeable that
no gradient formation occurs and the layer grows evenly at a rate of 2 nm/min. Reducing
the growth rate by one fifth therefore results in layer thicknesses of 5, 10 and 20 nm for
the selected coating times. In Fig. 66 the surface morphology of the differently treated PHB
surfaces recorded with SEM are presented. Fig. 66a shows the raw, untreated surface, which
has a cloud-like, diffuse texture. Residual particles are recognizable as small white features
and damage as fine scratches and roundish indentations, which differ from the rest of the
substrate due to their high contrast, are present on the entire surface. After Oy treatment
(66b), the previous cloud-like surface appears much smoother and more homogeneous overall.
The number of particles is reduced and indentations in the raw sample are no longer visible. A
similar picture can be seen at a treatment angle of 30° (66¢). At 180° (66d), the structures of
the raw polymer are still very clearly recognizable, even if the indentations appear flatter and
the frequency of their occurrence is lower. The cloud-like structure is also smoother, but not
in the same way as with direct treatment. After the 2.5 min CoH> plasma treatment (66e),
the surface appears similar to that after the Os treatment, although the cloud-like structure
does not appear as textured, suggesting a thin layer. This can also be observed to the same
extent at 30° (66f). At 180° and 2.5 min, the Os treated surface is predominantly visible,
although it appears sharper and finer (66g). At the 5.0 min treatment, the cloudy structure
appears swollen and a layer can be seen at 180° (66j). At 0° (2h) and 30° (66i), a homogeneous
smooth surface of a-C:H can be recognized. After 10.0 min at 0° (66k), the surface shows
bulges in the covering layer, which are partially closed but also already broken in places. This
effect could be due to intrinsic stresses caused by different expansion or material coefficients
or layer growth interactions, leading to cord buckling [30]. This phenomena has been already
described by the authors in more detail in references [8-10]. Fig. 661 shows that these stress
effects and the cord buckling also occur at 30°, but these have not yet caused the coating
to break up. With indirect coating (66m) no stress effects can be observed. The surface is

completely coated and the cloud-like structure appears sharper and more contrasting.
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Fig. 66: Selected SEM morphologies of the raw PHB film (a), angle-dependent O treated surfaces
(b-d), and coated with a-C:H layers after 2.5 min (e— ), 5.0 min (h-j) und 10.0 min (k-m).
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The AFM images of PHB films coated with a-C:H layers at 10 min deposition time and
different angles are shown in Fig. 67 (please consult SI for 2.5 and 5.0 min). Tab. 7 summarizes
the corresponding R, values for all angle-dependent and time treatments. Linear elevations
("worm-like structures") can be seen on the raw film (Fig. 67 raw) [6,9]. These were also found
after Os treatment, where an angledependent treatment does not seem to have any influence,
neither on the appearance nor on the roughness according to [16], with a similar roughness
value (see Tab. 7) . At 0° grain-shaped structures can be seen, which are coarse structures
of up to 1 pm and, building on this, finer grains of approx. 0.25 um are recognizable. The
roughness R, increases for the 10.0 min direct treated PHB to 37.2 nm compared to the
roughness of raw PHB (19.1 nm) and direct Oy treated one (23.2 nm). As the coating waving
progresses, it is noticeable that the coarse-grained substrate structure becomes increasingly

less structured. At the same time, the finer on-top grains decrease in frequency and number.
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This results in a decreasing roughness from 37.2 nm to 33.3 nm for 30° and 32.5 nm for 60°.
The error indication also decreases continuously. With indirect coating, the substrate grain
size also appears to cover the entire surface, but is finer (~ 0.25um) than with direct coating;
individual grains of the same size emerge sporadically. However, as the angle increases, the
surface shows little change. This can also be seen in the roughness, which is close to each
other and shows a similar error, which is smaller in contrast to the direct coating. This is
particularly due to the fact that the on-top grains are not or only very slightly present. With
increasing layer thickness, it can be observed that the roughness also increases with direct
coating. At 0 and 30°, the maximum roughness is at a coating time of 5.0 min, which may
be due to interlayer effects that can occur up to a layer thickness of 20 nm according to [11].
For the 10.0 min the roughness values for the direct coatings are consistently more than 30
nm, with a slight decrease in I, with increasing angles. For the indirect coating, R, values
for the higher angles move around approx. 20 nm, which is lower than for the direct coating
and at the same time shows smaller errors. Compared to the results of identical coated PLA
films from previous studies of the authors [8], it is noticeable that the error for PHB is usually
twice as large. A higher R, with direct coating and a lower R, with indirect coating could

also be observed with PLA in the same way.

Fig. 67: 3D AFM micrographs of PHB films coated with a-C:H for 10.0min at the selected angle
settings of 0 — 180° in 30° steps. On top the raw untreated PHB surface is shown.
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Table 7: Root mean square roughness R, values for the 2.5, 5.0 and 10.0 min angle-dependent a-
C:H depositions on PHB films, their respective Os-plasma pretreatment values and the raw
substrate.

raw 19.1 + 3.7

0° 30° 60° 120° 150° 180°

Oy 232 +£69 258 £ 70 158 £30 192 £ 64 181 £ 24 34.6 + 13.3
25 234 £83 318 £82 219 79 283 £ 67 246 £ 78 197 £ 4.3
5.0 414 £ 56 33.7 £ 114 252 £ 84 26.2 + 125 20.7 £ 78 202 £ 7.2
10.0 372 £ 109 333 £ 104 325 £ 75 200 £ 58 240 £ 70 19.2 £ 5.3

9.5.2. Chemical composition of a-C:H layers

The PHB surface pre-treated with O2 plasma (Fig. 68, empty squares) forms the reference for
the a-C:H layers of different thickness and geometric variability and is described in detail in an
earlier work by the authors [16]. The percentages of sp?, sp?, C—0O and C=0 were extracted
from the respective Cls signal at 284.80 eV and describe the chemical state of the carbon-
containing bonds [22-24]. The data thus provide an indication of the chemical properties of
the layer. Initially, sp® bound carbon is dominant for all coating thicknesses, but as the angle
increases, this proportion decreases successively and there is a change in dominance towards
sp? bound carbon. The change occurs with increasing layer thickness at smaller angles. The
change from sp® to sp? dominant layers through angle-dependent coating has already been
observed with other biopolymers such as PLA [16], and preliminary studies have also shown
that indirectly coated conventional polymers exhibit a high sp? content in the layer [7]. The
C—O0O content of the layer is consistently < 20%, far below the dominant proportions, but
higher than the raw polymer (1.6%) and after its corresponding Og treatment (1.8%). A
noticeable tendency is that the C—O bonds decrease with increasing layer thickness and are
higher with indirect coating than with direct coating. C=0 is less present compared to raw
PHB (< 12%), indicating that the C=0 bonds present in the PHB are depleted. The value
varies differently for the individual layers and only stabilizes after a 10 min coating time,
which indicates that there are prior interactions with the polymer surface. At 2.5 min, the sp?
content appears similar with a slight increase from 0 to 30° and a somewhat steeper drop from
150° to 180°. If the proportion of the raw polymer (sp? 71.8%) and the Os treated surface
(sp 0° 76.8%) changes only slightly, the sp® proportion for the direct coating at 2.5 min
is 43.6%, which is significantly lower. This shows that the very thin layer, which is clearly
visible in the SEM and AFM (Figs. 66,67), is sufficient to cover the polymer surface somehow
by the a-C:H layer. Another reason in the initial stages of such depositions is the formation
of an interlayer between the a-C:H and the polymer structure, which has already been shown
for a-C:H on PHB [11]. The sp? content is lower, but also shows no clear course and appears
similar overall. Only at 150° and 180° does the value increase slightly, whereby sp? only
dominates because the sp? content collapses. The C—O proportion is higher compared to the
other coating times with over 11% - apart from 150° with 9.6%. The value appears to be
the same for the frontal coatings and increases for the indirect coatings up to the maximum
of 18.6% at 180°. The C=0O bonds are significantly reduced at a coating time of 2.5 min

in contrast to the raw and O treated surfaces. Here, too, a similar direction of approx. 5%
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can be observed with frontal coating and an increase with indirect coating. The course for
5.0 min is clearly different from that for 2.5 min; here the curve for sp? is very similar to
that for the Os treated surface, but the percentages are approx. 10% lower. With indirect
coating, the value drops to 29.9% at a coating angle of 120° and then rises again, as with O,
to 35.9%. The sp? curve for direct coating shows a similarly rising curve (up to 44.2%); at 0°
the value (16.6%) is again very close to that of the Os-treated surface (11.9%). The change
in dominance takes place between 60 and 120°. The C—O curve for 30° and 60° shows the
same curve as the Oy treated surfaces; at 0°, however, more C—O bonds are detected. The
indirectly coated surfaces show a similar behavior and are around 13%. With C=0, the trend
initially continues that the values initially increase on the Os surface, but decrease again at
30°, increase again at 120° and then drop again. At 10 min coating, a continuous drop in the
sp3 containing bonds, with a plateau at 60° to 120°, can be observed, while at the same time
the sp? content increases continuously with a dip at 120°. C—O and C=O0 are at a similar

level and alternate in the middle to lower 10% range.
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Fig. 68: The course of the treatment angles from 0° to 180° and the selected coating times of 2.5,
5.0 and 10.0 min as a function of their a) sp?, b) sp3, ¢) C—0O and d) C=0 content. For
comparison, the corresponding O, plasma treated PHB film [16] as reference is shown by
empty squares.

The NEXAFS spectra in Fig. 69 show the a-C:H layers deposited on PHB with the 10.0 min
angle dependent coating. The peak positions were determined by [22,23,26,31-34] and are
284.85 eV (C=C ), 286.15 eV (C—H), 288.35 eV (C—C) and 292.55 eV (C=C o), with all
spectra shifted to the C=C 7 peak. [16] For comparison, the sample treated directly with
O3 is shown as a gray dotted line (respective spectra of raw and angle-dependent Oz plasma
treatments can be found in [16]). In Fig. 69a the entire spectrum is shown; Fig. 69b and ¢
show detailed images of the C=C 7w and C—H peaks, as well as the C=0 7 and C—C peaks.
The C—C peak at 284.85 eV, which still dominates in the oxygen-treated sample, decreases
due to the a-C:H coating, which is also confirmed by the XPS measurement. It is clearly
recognizable that the indirectly coated peaks have a more pronounced C—C than the directly
coated peaks. It can also be seen that the C=C component at 284.85 eV (7) and 293.55 eV
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(o) increases due to the coating and is even more pronounced for the direct coatings than for
the indirect ones. Compared to indirect coatings, direct coatings have a higher sp? content
and a lower C—C content, which is due to the lower layer thicknesses of the indirect coatings.
The shift of the peaks is a clear indication of a chemical amorphous surface structure. The
absolute intensities are set in relation to each other in order to obtain information independent
of the layer thickness. After a-C:H is applied to the O treated PHB surface, the sp® to sp?
ratio increases initially, decreases with increasing coating angle up to 120° and is constant for
indirect coating. This implies that the sp? proportion, directly coated, decreases to a greater
extent than the C—C proportion. However, it remains similar for indirect coating. At 150°
it can be seen that the C—C peak is clearly shifted in comparison to the other spectra. The
C—H peak (Fig. 69b) becomes more pronounced when the a-C:H layer is applied; if it still
appears as a shoulder on the Oy treated surface, it can then be clearly seen as a peak. It
is noticeable that the indirectly coated C—H peaks stand out more clearly than the directly
coated ones, with similar intensities for both indirect and direct coatings. The pronounced
C=0 7 peak of the Oy treated sample (Fig. 69a,c) is strongly attenuated when the a-C:H

layer is applied, but can also be found as a shoulder on the coated surfaces.
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Fig. 69: NEXAFS-data for the 10.0 min angle-dependent a-C:H coatings on PHB. In addition, the
Os-plasma 0° treated surface is shown with a gray dotted line. a) Shows the full NEXAFS
spectra from 280.0 to 310.0 eV. In b) the C=C 7 (284.85 eV') and C—H (286.4 V') peaks
are shown between 284.0 to 287 eV. ¢) Shows a magnification between 287.0 to 290.0 eV for
the C=0 (287.3 eV') and the C—C peak (here: ~ 288.5 V).
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Complementary IR spectroscopy was performed with specular reflection (SR) to obtain
further information on the chemical composition of the deposited a-C:H layers. Fig. 70 shows
the SR-FTIR spectra for the 10.0 min angle-dependent a-C:H coatings on PHB (spectra
of all coating times and angles are summarized in the SI). The evaluation of the spectra
was based on the principles of infrared spectroscopy [35] and on [27-29]. First, an overview
in the range from 450 to 4100 cm ™! was recorded before the C—H stretching region at
2750 — 3150 cm~! was investigated in more detail. The corresponding O treated sample was
used as background. As already shown in the NEXAFS, there are also peak shifts in the IR
showing the amorphous character of the layers. It should also be noted that the C'Hs bonds
typical for an a-C:H layer are formed. The most striking features are the increase and shift
of the sp3CH peak for 10 em™! at 30° (from 2915 — 2905 cm~!). Up to 120° this remains
high, but decreases at 150° and 180° and shifts to 2904 cm~!. The sp3C Hs(s) position is
almost lost in the background noise after direct coating, but can be clearly identified as a
larger peak at 150°. In comparison, a particularly clear shift of the C—C bonds can also
be observed in NEXAFS spectra at this coating angle (Fig. 69c). The shift curve of the
symmetrical and asymmetrical oscillation also follows the same course. Beside of this, the
sp>C Ha(a) is the most pronounced peak next to the sp?C Ha(s), which is in line with earlier
observations [9-11]. If one compares the area ratio of the two peaks, it can be seen that the
sp?C H, proportion in relation to sp>C Hy decreases slightly at 30°, increases strongly at 60°,
dominates and is greatest at a coating angle of 180°. These results are consistent with the
observations of the XPS analysis (Fig. 68). The slight decrease of sp? at 120° for the XPS
can also be observed here, even if the sp® proportion increases again in the IR, which is due
to the different penetration depths of the applied methods. The sp?C Hs(a) and sp3C Hs(a)
peaks can always be found apart from (sp?CHs(a) at 150°) and also show a similar shift

behavior.
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Fig. 70: Evaluated IR spectra for the 10.0 min angle-dependent deposition of a-C:H on PHB. The
respective Os-plasma treated surface is subtracted as background.
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9.5.3. Goniometric investigations

Fig. 71 shows the SFE as total, disperse and polar components for the angle-dependent coated
surfaces at different times (a: 10.0 min, b: 2.5 min, and c: 5.0 min). The gray area in Fig. 71a
indicates the SFE for the PHB surface treated directly with Oy as a reference. The disperse
fraction is much larger here and is subject to fewer fluctuations for all layers than in the Os
treated sample, but is, as expected, of the same order of magnitude. The polar fraction is
also of a similar order of magnitude, but is subject to greater fluctuations as the proportion
of SFE is lower. At 2.5 min (71b), an alternation of approx. 5 mNN/m can be observed in the
SFE with increasing coating angle. Similarly, this can be observed at 5.0 min (71c) in the
same direction of deflection with a statistically slight increase. At 10.0 min in Fig. 71a, only
a slight alternation at 150° can be observed but the slight increase in the SFE with increasing
angle remains. These fluctuations may be due to the fact that the roughness (described at
the AFM) in thin layers increases up to the end of the interlayer formation and then changes
only slightly. For the dispersed portion at 2.5 min, there are strong fluctuations. These are
larger with the direct deposition (0 — 60°) with 35.1 4+ 4.6 m/N/m than with the indirect
deposition between 120° - 180° with 34.9 £+ 2.3 mN/m. These fluctuations also exist in
comparison to the SFE of the surface treated with only Oy [16]. With the 5.0 min coating,
the disperse component remains similarly stable at 33.5 £+ 1.3 mN/m as with 10.0 min at
34.2 + 1.8 mN/m. This appears to be the other way around for the polar fraction, with
2.5 min a-C:H coating the fraction for direct coating is stable at approx. 9.4 + 0.6 mN/m
and indirect coating at 7.3 + 0.6 mN/m. If the surface is coated for 5.0 min, the changes in
the polar fraction are considerably larger and are approx. 6.0 + 3.1 mN/m for direct coating
and 8.9 £ 3.2 mN/m for indirect coating. At 10.0 min a similar picture emerges, but the
deviations are smaller; for direct deposition 6.3 £ 1.4 mN/m and indirect 8.1 £+ 1.5 mN/m.
The strong alternation of the surface energy can be explained on the one hand by the fact
that the roughness R, is significantly greater for thin layers (see AFM part, Tab. 7), and also
by the fact that the layer is chemically much more stable after completion of the interlayer
phase [11]. It should also be noted that the disperse fraction of the SFE does not change
depending on the angle and that the coating time appears to have only a minor influence.
The polar fraction seems to depend on how the coating is applied. With direct coating, this
is greater with approx. 6 mN/m than with approx. 8 mN/m with indirect treatment. Since
the error indications are in the same range, it is unlikely that the reduced roughness is the

only decisive factor, but that a higher sp?/sp? ratio is the cause.
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Fig. 71: SFE profiles of PHB coated with a-C:H at different angles (0 — 180°) and different times
(2.5, bottom area represent the dispersive component and the top areas the corresponding
polar component. a) Shows the profile for 10.0 min; the gray box indicates the values for
the direct Oy treated surface [16]. These are also the reference values for b) 2.5 min and c)
5.0 min.

The contact angle hysteresis is determined indirectly via the difference between the ad-
vancing contact angle (ACA) and the receding contact angle (RCA) and provides information
about interactions between solids and water droplets. The CAH is a measure of the mobility
of a droplet on the surface. Furthermore, it is a measure of wettability, the adhesion of a
droplet to the surface, and dewetting, overcoming the adhesive force of the droplet on the
surface. Wetting is indicated as ACA and dewetting as RCA, respectively. Fig. 72 shows the
CAH of the angle-dependent treated PHB films. The corresponding ACA and RCA values
are listed in Tab. 8. Fig. 72a on the one hand shows the mobility of the Os-treated PHB
surface according to earlier results [16], but also the course of mobility after the 10.0 min
a-C:H coating. The colored area shows the value distribution of the hysteresis for 10 min
a-C:H within the maximum error range. Fig. 72b shows the result for 2.5 min and Fig. 72c
for 5.0 min coating time. For the 2.5 min, the particularly large distribution of values is
noticeable, which shows statistically large fluctuations. If the corresponding ACA from Tab.
8 is considered, it is noticeable that it also fluctuates very strongly. A comparison with the
roughness (Tab. 7) shows a similar trend. Apart from 120°, the RCA remains similar at
approx. 30° within the error range. In comparison to the O, treated surface, it is not recog-
nizable that the mobility of a water droplet is strongly influenced by a direct coating when

a-C:H is applied. At 5.0 min, the value range and the course of the hysteresis stabilize, but
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the individual errors are still of a similar order of magnitude. For the ACA and RCA, a slight

downward trend can be observed as the angle increases. In the case of the RCA, it should be

noted that the error indicators are significantly larger with indirect coating than with direct

coating. This can also be seen for the RCA of the 10.0 min coating. As before, the minimum

is also found here at 120°. The value range of the CAH is in a similar range as for 5.0 min.

Again the error indicators appear to be significantly larger for a coating angle of 60°, which

could be due to the increase in the polar component of the SFE.

Table 8: ACA and RCA values for the 2.5, 5.0 and 10.0 min angle-dependent a-C:H depositions on

PHB films.
ACA [°] RCA [7]
2.5 min 5.0 min 10.0 min 2.5 min 5.0 min 10.0 min
0° 67.9 + 0.3 734 +£ 1.5 685 £ 1.0 315 £ 1.5 325 =+ 1.6 28,6 £ 0.9
30° 639 £ 0.5 70.1 £ 0.3 69.9 £ 0.2 30.7 £ 1.3 313 +£ 1.1 29.8 £ 0.1
60° 737 £ 12 729 £ 08 694 + 1.3 |305 £ 1.8 322 +£ 0.8 28.7 + 1.1
120° 65.2 + 04 70.1 = 1.0 65.5 £ 0.6 26.2 £ 2.2 285 + 2.6 247 + 2.8
150° 614 + 0.8 70.0 £ 0.3 687 £ 15 |296 + 1.0 262 &+ 2.7 30.8 £ 2.2
180° 70.5 + 1.2 67.2 + 0.2 704 £+ 0.3 297 +£ 24 282 £ 2.2 29.8 + 4.6
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Fig. 72: CAH results of PHB surfaces coated with a-C:H at different angles (0 — 180°) and different
times (2.5, 5.0 and 10.0 min). The colored areas illustrate the value distribution of the
hysteresis within the maximum error range. a) Shows the course for 10.0 min; the empty
squares show the angular O treated surface for comparison [16]. These are also the reference
values for b) 2.5 min and c) 5.0 min.
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9.6. Conclusion

Angle-dependent deposition of a-C:H layers of different thicknesses on a PHB film surface
is possible for both direct angles (0° — 60°) and indirect coating (120° - 180°), whereby the
deposition rate decreases from 10 nm/min to 2 nm/min and gradient effects can be observed,
particularly with direct coating. SEM investigations show stress effects that occur at 30° and
10 min, but still with a closed layer. At 0° and 10 min, these are more clearly visible, with the
layer being cracked. The roughness of the applied layer is significantly larger with the direct
coating than with the indirectly applied coating. The chemical analyses show that the sp?/sp?
ratio can be varied by changing the layer geometry. The XPS shows that the layer is present
for 2.5 min, but the carbon bonds change only slightly, which indicates a forming interlayer.
For the remaining coating durations, the sp? component dominates at 0° and decreases as the
coating angle increases. At the same time, the sp? proportion increases and becomes dominant
earlier as the coating becomes thicker. The SFE revealed that a thicker coating leads to a
stabilization of the disperse and polar components. The disperse component stabilizes after 5
minutes of coating. At 10 minutes, the polar component also stabilizes, whereby it splits into
a stable direct and indirect part, of which the indirect part is larger. A value stabilization can
also be seen in the CAH. Compared to the Oy treated surface, it is noticeable here that there
is no decrease in mobility at 0° and the coating angle does not appear to have any influence

on a 10.0 min a-C:H layer.
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9.10. Supporting Information

9.10.1. X-ray photoelectron spectroscopy (XPS)
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Fig. 73: XPS survey for angle-dependent 2.5 min a-C:H coating on PHB. The Ols and Cls peak is

highlighted.
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Fig. 74: XPS survey for angle-dependent 5.0 min a-C:H coating on PHB. The Ols and Cls peak is

highlighted.
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Fig. 75: XPS survey for angle-dependent 10.0 min a-C:H coating on PHB. The Ols and Cls peak is

highlighted.

9.10.2. Near edge X-ray absorption fine structure (NEXAFS)

Before the C- and O-edge measurements, the soiling of the grating and mirror artifacts were

determined by a gold edge [1S]. In order to minimize charging effects due to beam irradiation

an integrated flood gun is used. To prove the reproducibility and the homogeneity, the C-edges

shown here was measured at two different positions. Background noise correction spectra

normalizing, smoothing and synchronizing with the ring current decay was performed using

Origin8.1Pro. The obtained ratios of the relevant bonds are normalized to the C=C = peak

by shifting the whole spectrum from the measured position to 284.85 eV [2S-4S].
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Fig. 76: NEXAFS for angle-dependent 2.5 min a-C:H coating on PHB. A shows the full NEXAFS
spectra from 280.0 to 310.0 eV. B shows a magnification between 287.0 to 290.0 eV for the
C=C and the C—H peak. C shows 287.0 to 290.0 eV for the C—C peak.
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Fig. 77: NEXAFS for angle-dependent 5.0 min a-C:H coating on PHB. A shows the full NEXAFS
spectra from 280.0 to 310.0 eV. B shows a magnification between 287.0 to 290.0 eV for the
C=C and the C—H peak. C shows 287.0 to 290.0 eV for the C—C peak.

9.10.3. Specular reflectance infrared spectroscopy (SR-FTIR)
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Fig. 78: Evaluated IR spectra angle-dependent deposition of a-C:H with coating times of 2.5, 5.0
and 10.0 min on PHB films. The respective Os-plasma treated surface is subtracted as
background.
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9.10.4. Atomic force microscope (AFM)
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Fig. 79: 5 um x 5 pm AFM images showing angle-dependent (0° to 180°) 2.5 min a-C:H coating on
PHB.
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Fig. 80: 5 um x 5 um AFM images showing angle-dependent (0° to 180°) 5.0 min a-C:H coating on
PHB.
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10. Conclusions

The biopolymer films PLA and PHB were treated with variable deposition geometry in an
RF-PECVD driven process at first with Oy plasma. An angle-dependent deposition of a-
C:H layers of different thickness on polymer surfaces can also be observed. This is possible
with both direct (0 — 60°) and indirect deposition (120 — 180°). However, the deposition
rate decreases from 10 nm/min (direct) to 2 nm/min (indirect) and gradient effects can be
observed on the entire sample, especially with direct coating. No coating could be applied for
a deposition angle of 90°.

The SEM analysis shows that, with a few exceptions, an completely covering intact layer
is applied. However, at a coating time of 10 min, cracks can clearly be identified on PLA at
0° and on PHB cord buckling at 0° and 30°, which indicates the release of stress at this layer
thickness.

The treatment with only Oy plasma of PLA shows in the AFM analysis that the entire
surface is processed at 0°, which is also visible in the roughness factors. As the angle increases,
less structure is treated and the roughness successively decreases until it reaches the value
of the starting material at 180°. Compared to the Os treated surface, the roughness of the
deposited layers on PLA decreases, but does not reach the value for raw PLA. The roughness
of the coating itself increases with increasing angle in the direct coating, which contributes to
the reduction in CA compared to the O, treated layers. In the indirect coating, the roughness
decreases abruptly and remains at a similar level. PHB shows linear structures after the Os
treatment, which do not change due to the plasma process. With a few exceptions, the
roughness is very similar here. After coating application, the roughness remains nearly the
same, but it is significantly greater with direct coating than with indirect coating.

The polar fraction of the SFE is increased by Oy plasma in both materials. This effect is
greater for PLA than for PHB, but is not substrate-dependent when treated directly with 0°.
Only with indirect treatment do the differences between the materials become clear. While
PLA shows a slight decrease in the polar fraction at high angles, PHB shows an increase. The
disperse fraction also changes and initially decreases with direct Oz plasma treatment and
increases again with indirect angles. For a directly coated PLA surface, the polar fraction of
the SFE remains increased. This result is independent of the coating angle with increasing
layer thickness in the direct coating. With indirect coating, the polar fraction is initially
greater with thicker coating, but then decreases with increasing angle. Alternating bonding
fractions and SFEs show here that interlayer properties are present up to a coating thickness
of 50 nm (5.0 min for 0°). The disperse fraction stabilizes further with increasing layer
thickness via the coating angles. The coating of PHB shows a similar stabilization of the
disperse component. With PHB, however, the polar component also fluctuates with thinner
layers. The disperse component stabilizes after 5.0 min of coating. After 10.0 min , the polar
component also stabilizes, splitting into a stable direct and indirect component. With indirect
application, the SFE is statistically greater than with direct coating.

The Oy plasma treatment of PHB and PLA lowers the mobility of the CAH of a water
droplet. It proves to be angle-dependent. The mobility increases with increasing angle with
direct Oz treatment up to 60° and decreases again slightly with indirect treatment. This

correlates with the decrease in the polar fraction of the SFE and a reduction in surface
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roughness. In comparison to the Os treated surface, the coated PHB surface shows that there
is no decrease in mobility at 0° and the coating angle does not appear to have any influence on
a 10.0 min a-C:H layer. However, as with the SFE, a value stabilization can also be detected
here.

The occurrence of a barrier property for PLA with an Os plasma treatment of the surface
is demonstrated here. Thus, not only cleaning and activation processes are attributed to
this treatment, but also changes in the morphological composition of the PLA surface that
improve the barrier property. It is also assumed that recombination narrows the pores in PLA.
In contrast, an increase in the permeability properties is observed in PHB, which is probably
due to increasing erosion of the surface. When coating the PLA surface, it should be noted
that the thicker the a-C:H layer in the direct deposits, the greater the barrier properties.
In particular, the jump in the WVTR from 2.5 to 5.0 min is significant, as it is assumed
that existing pores in the base material are effectively closed. Already at 30° deposition, the
transmission is greatly improved; as the angle increases, the behavior becomes asymptotic
and only low quality barrier properties are observed. In the case of indirect deposition, the
transmission is even higher than for samples treated with Os. In summary, a successful change
in the sp?/sp? ratio is possible for PECVD-mediated a-C:H coatings on biopolymer PLA films
in terms of deposition time and angular geometry, with the most significant changes in barrier
properties occurring between 0° and 60° with a maximum value of 47%.

The XPS evaluation shows that the basic chemical composition changes only slightly after
O, treatment. The predominance of sp? in untreated PLA and PHB is maintained and varies
only slightly. In PLA, the proportion of C—O bonds was shown to exceed that of sp?, except
for 180°. In PHB a different behavior is observed; here the C=0 fraction exceeds that of sp?
only from 150°. The C—O bonds are detectable in small numbers in all samples, except in
PHB at 150° and 180°, where they are more than the sp? fraction. The chemical arrangement
of the surface changes significantly due to the angle-dependent Oy plasma treatment, but this
does not directly lead to a higher number of O-bonds on the surface. The chemical analyses
after coating show that the ;%i ratio can be varied by changing the layer geometry for both
PLA and PHB. For PLA after coating, the XPS shows that sp3-hybridized bonds dominate
for a coating applied at 0° and decrease with increasing angle to their minimum at 180°. The
sp? fraction is the opposite, it increases and dominates in indirect deposition. The sp?/sp?
ratio can therefore be adjusted with the help of the corresponding coating geometry and also
causes further changes in the properties. For PHB, the XPS shows that the coating is present
for 2.5 min, but the C-bonds change only slightly, indicating a forming interlayer. For the
other coating durations, the sp? component dominates at 0° and decreases with increasing
coating angle. At the same time, the sp? component increases and becomes dominant earlier
as the coating becomes thicker.

In conclusion, it can be stated that although the ?;% ratio can be varied, the application
of an indirect layer is economically expensive due to the low deposition rate of 2 nm/min,
especially with increasing layer thicknesses. For both PLA and PHB, a thicker layer seems to
stabilize the layer properties like the SFE, so that they are less subject to fluctuations. At a
layer thickness of 100 nm, the layer starts to break up due to intrinsic stress. This means that

the application range of an angle-dependent applied a-C:H layer on PLA or PHB is between
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the end of the interlayer at around 50 nm and below 100 nm. The low barrier effect of an
indirect layer suggests that the application range of an angle-dependent % adaptation in the
application interval of 0 —60° results. Otherwise, only a similar permeability can be achieved

with a pure Oy treatment for PLA.
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