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Ēi
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1. Introduction
Traditional materials, e.g., metal, glass, and natural fibers, have been used in many fields
throughout history. However, those traditional materials were replaced by plastics in
many fields over the last decades [1–4]. Therefore, plastic and polymeric materials are
all over today’s world, regardless of whether speaking of industrial nations, developing
nations or the remotest corners of Antarctica [5]. In industry and application, plastic
materials gained a lot of importance due to their advanced material properties (e.g., low
weight, good stability), cost-efficiency and easy processing [6,7]. Nowadays, they are used
for example in clothing, automotive applications, microelectronics, and packaging [8–14].
Moreover, plastics contribute to 60% of global food packages [15]. Two of the most common plastics utilized in packaging are polyethylene terephthalate (PET, 56 Mt produced
in 2016 [16]) and polypropylene (PP, 55 Mt produced in 2013 [17]).
Many fields, such as the encapsulation of microelectronics, as well as packaging of foods
or pharmaceuticals, require an effective barrier performance against permeation of gases
or vapors (e.g. CO2 , O2 or H2 O), to avoid degradation of beverages, goods, or electronics. However, this demand is usually not met by plastics like PET and PP [18, 19].
This issue has been addressed by the application of several approaches [20–23]. One
approach comprises multilayers of different plastics, where one plastic exhibits a high barrier performance in contrast to the other [20]. Furthermore, chemically active additives,
capable of trapping permeants, can be added to the raw material of the plastic during
processing [20, 23]. Both approaches exhibit certain drawbacks since just one permeant
is usually trapped by additives and recycling is obstructed by multilayers [21]. The deposition of thin inorganic films on plastics gained importance for the improvement of
barrier performance in the recent decade [7, 22]. A great variety of techniques aim at the
deposition of such barrier coatings: physical vapor deposition (PVD), low or atmospheric
pressure plasma-enhanced chemical vapor deposition (PECVD), plasma-enhanced atomic
layer deposition (PEALD), initiated chemical vapor deposition (iCVD), and wet chemical processes [22, 24–28]. Many different film materials, e.g., SiOx , SiNx , Al2 O3 , TiO2 ,
a-C:H, and a-Si:H, were deposited on plastics resulting in significantly improved barrier
performances [18, 22, 29–43].
However, the deposition of inorganic barrier films on plastics is initially hampered by
their intrinsic material properties since they usually exhibit low surface energies. Therefore, low wettability and adhesion of deposited films is the result [44–46]. Hence, plasma
pretreatments are applied to increase the surface energy leading to improved wettability
for printing, and gluing applications, as well as to improved adhesion of deposited coatings [44, 45, 47, 48]. The pretreatment accompanies an impact on the morphology, etching
effects, the formation of polar groups, as well as dangling bonds [44, 45, 47, 49–53]. How-
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ever, investigations correlating impinging plasma species with surface modifications are
rare [33, 44, 45]. Besides plasma pretreatments, etching and redeposition of organic etch
products during initial stages of plasma based, oxygen diluted deposition processes may
result in an organic interphase layer [54–56]. However, additional etching, and degradation of the plastic surface can be prevented by the application of an organic interlayer
prior to the deposition of barrier films [57]. Such interlayers promote the adhesion of
barrier coatings, and are usually referred to as adhesion-promoting layers [55, 57–60]. the
underlying functionality is still not fully revealed, though.
In particular, silicon based interlayers (polysiloxane-like) and barrier films (silica-like) are
common in packaging for food and pharmaceuticals [60]. Barrier films consisting of silicon oxide coatings deposited by PECVD are widely spread because they offer optical
transparency and an improvement of barrier performance by several orders of magnitude
for transmission of gases (e.g. O2 , CO2 ) and vapors (e.g. H2 O) [35–41, 56]. Residual
transmission rates are still observed, though [37, 61–63]. For instance, the comparison
of diffusion through a plasma deposited silicon oxide film with a thickness of 100 nm
to Fick’s diffusion through bulk silica of the same thickness reveals that the diffusion
through a SiOx plasma coating is higher by a factor of 13 [64]. Usually, this is explained
by coating defects evolving during the growth of PECVD films [32, 64, 65]. On the contrary, PEALD ideally exhibits coatings that are highly uniform, homogeneous, and free
of defects [66]. Several approaches have been made to correlate the number density of
defects to the permeation of permeants [67, 68]. However, a correlation of defect densities
and permeation may not necessarily be found [69]. Furthermore, it is still unknown, how
impinging plasma species influence the formation of coating defects. The nucleation of
silicon oxide films is influenced by the surface chemistry [70]. The impact of substrate
selection on the defect formation is also not known in detail, though.
The application of a bias can lead to an increased ion energy and a higher atomic oxygen
density in oxygen diluted deposition processes during film growth [57]. With respect to
silicon oxide barrier films, improved barrier properties, a higher degree of cross-linking,
and a smoother morphology correlate to increased energies of impinging ions, and magnified densities of atomic oxygen [57, 71]. Especially for physical vapor deposition (PVD)
or ion-assisted processes for the deposition of metal based coatings, the influence of ion
energy on coating properties was elaborately investigated [72–79]. However, only little
work has been published correlating quantitative plasma parameters with properties of
silicon oxide barrier coatings. In particular, a separate investigation on the influence of
the average energy incorporated by ions and the flux of oxygen atoms during film growth
on the properties of a resulting coating is missing.
Common precursors for PECVD of silicon based coatings are, for example, hexamethyldisiloxane (HMDSO), and hexamethyldisilazane (HMDSN) [35, 36, 57, 80–83]. The utilized precursor influences the plasma chemistry. Therefore, the film growth is also influenced. Due to contained methyl groups, both precursors can be used for the deposition
of films ranging from organosilicon to silicon nitride or silicon oxide films [80, 84–88].
The dissociation and reaction pathways of HMDSO and HMDSN based deposition pro-
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cesses [24, 89–94], and the growth mechanisms of SiOx films [35–38, 56] were partially
investigated. However, systematic comparisons between HMDSO and HMDSN based
processes for the deposition of organosilicon interlayers and silicon based barrier films on
the same substrates, within the same setup, as well as under equal conditions are rare [95].
With respect to the variety of deposition techniques avaiable, such as PVD, PECVD,
and PEALD, each offers certain advantages and drawbacks, respectively. For particular
applications, combined deposition processes comprising different materials or techniques
can be of interest [96]. For instance, multilayers of PEALD and PECVD coatings can
exhibit advanced barriers against diffusion of water vapor [97, 98]. Such combinatorial
layers can exhibit synergistic effects, combining the advantages of different techniques.
Therefore, such multilayers might be an interesting approach for future applications. In
particular, multilayers of PEALD/-CVD coatings offer a synergistic effect combining fast
film growth from PECVD and uniform, dense thin-films from PEALD [66, 99]. However,
the effect on transmission of permeants, as well as on the formation of defects in such
PEALD/-CVD multilayers has not been revealed yet.

1.1. Research focus
This thesis addresses various aspects of the deposition of barrier coatings by PECVD and
PEALD on plastics. In particular, the effect of plasma parameters in pulsed microwave
and radio frequency plasmas on the properties of barrier coatings on plastics is in the
scope of this thesis. Therefore, it focuses on the whole spectrum ranging from the atoms,
and molecules in the plasma, to generated species (e.g., ions, photons), and further to
changes of the plastic interface, as well as various properties of the resulting films, as
schematically shown in figure 1.1. This includess the plasma pretreatment, the deposition
of interlayers, as well as the deposition of barrier layers. Thus, this thesis mainly addresses
the following questions:
(i) Chapter 4.1: How do absolute fluences of impinging plasma generated species (ions,
neutrals, photons) influence (1) the surface properties of considered plastics exposed
to a plasma pretreatment, and (2) the barrier performance of subsequently deposited
barrier coatings?
(ii) Chapter 4.2: What is the function of interlayers, and what is the impact of atomic
oxygen (AO) fluences during the initial stages of film deposition on the degradation
of the plastic interface?
(iii) Chapter 5: How does defect growth evolve? What is the influence of impinging AO
fluences during film growth and the substrate selection on the formation of defects?
Does the defect density correlate with the permeation?
(iv) Chapter 6: What is the separate influence of the energy incorporated by ion bombardment, and the number of oxygen atoms, impinging during film growth, on the
resulting coating and barrier properties?
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(v) Chapter 7; How does the selection of a precursor influence the deposition of interlayers, barrier layers, and plasma chemistry?
(vi) Chapter 8; Can synergistic effects be found for PEALD/-CVD multilayers regarding
defect formation and diffusion properties?

Figure 1.1.: Simplified scheme of the research focus of this thesis.
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2. Deposition processes and
experimental setup
2.1. Plasma-enhanced chemical vapor deposition
(PE-CVD) processes
Plasma enhanced chemical vapor deposition (PE-CVD) is a technique to deposit functional coatings on a variety of different substrates. In chemical vapor deposition (CVD),
gas-phase and surface reactions are caused by thermal activation resulting in a coating [100]. On the contrary, gas-phase and surface reactions in PE-CVD processes are
triggered by electron impact causing, e.g., excitation, dissociation or ionization processes [100]. This allows the deposition on substrates for which a coating by CVD is
usually not attainable. In particular, thermosensitive substrates such as plastics are preferentially coated by PE-CVD processes.
For the deposition of silicon based coatings, like silicon oxide films, a source of silicon
has to be introduced. In PE-CVD, a silicon containing precursor is usually fed into
the process [33, 57, 101]. Many different precursors are accessible and applied for silicon
based coatings. Established precursors are for example tetraethyl orthosilicate (TEOS,
SiO4 C8 H20 ), silane (SiH4 ), hexamethyldisiloxane (HMDSO, Si2 OC6 H18 ) and hexamethyldisilazane (HMDSN, Si2 NC6 H19 ) [33, 57, 80, 99, 101]. HMDSO and HMDSN were used for
the deposition of silicon based coatings in this thesis. HMDSO is non-toxic. Therefore, it
is used in a wide range of processes [57, 59, 89, 101, 102]. However, HMDSN exhibits a different plasma chemistry, nucleation and the possibility to deposit silicon nitride coatings
due to its silazane character [81, 103–105].

2.1.1. Polysiloxane (SiOx Cy Hz ) and silicon oxide (SiOx ) coatings
For the deposition of silicon oxide coatings, oxygen is admixed to the processes in addition
to the precursor [57, 59, 101]. Depending on the oxygen admixture, the deposition processes result in coatings with compositions ranging from silicon oxide (SiOx ) to organosilicon based (SiOx Cy Hz ) polysiloxane coatings [55, 57, 106]. In the gas phase of PE-CVD
processes, the precursor molecules can undergo different processes, such as ionization, and
dissociation, mainly driven by electron impact. This is schematically shown in figure 2.1
for a HMDSO based process. Heavy particle collisions may also occur, e.g., resulting in
oxidation reactions of fragments (cf. figure 2.1). Further ionization, dissociation or oxidation can follow for each fragment, respectively. Additionally, charge transfer reactions,
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recombination reactions and oligomerisation can occur [24]. This leads to high complexity
and a great variety of different fragmentation and reaction pathways. For HMDSO, various
reaction pathways were described in literature [24, 89, 91–94, 101, 107]. Typical fragments
of HMDSO molecules are trimethylsilanol, and pentamethyldisiloxane [24, 59, 89]. Also
larger molecules like heptamethyltrisiloxane and oktamethyltrisiloxane are reported [89].
Furthermore, several smaller reaction products are stated, such as CH3 , CH4 , CO, C2 H4 ,
C2 H6 and CO2 [89]. A majorly simplified and mere hypothetical reaction of HMDSO and
oxygen was stated by Zajíčková et al [59, 108]
Si2 O(CH3 )6 + 8 O2 −→ 2 SiO2 + 3 CO2 + 3 CO + 4 H2 O + 5 H2 .

(2.1)

However, only little work has been published regarding the reaction pathways of HMDSN
[109].
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Figure 2.1.: Simplified schematic illustration of generic processes and reactions, involving only neutrals, occurring in the gas phase and at the interface
of a growing film in HMDSO based PE-CVD including admixture of
oxygen.
A fragment or ion reaching a surface may contribute to film growth considering a sticking probability. During film growth, different concurrent processes may occur. Exposing
polymeric substrates to a plasma or to vacuum ultraviolet (VUV) radiation, may cause
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bond cleavage and subsequent escape of volatile fragments [51,55]. Therefore, the surface
of a polymeric substrate is etched if reactive species or energetic photons reach the surface.
In particular, during the initial stages of film growth, when no closed coating has formed
yet, reactive species like atomic oxygen can reach the surface and cause etching [54, 55].
Hence, the polymeric surface is simultaneously etched and coated. This results in intermixing of silicon containing, film forming species, and volatile organic etch products
originating from the polymeric surface [55]. As stated by da Silva Sobrinho et al [56],
the escaping volatile etch products may be redeposited and incorporated in the growing
silicon based film causing the formation of Si−CHx bonds [55, 56]. Hence, the concurrent
film growth and etching causes an interphase region to form between substrate and deposited film [55, 58]. Etching of the substrate can be prevented by the application of a
polysiloxane-like (SiOx Cy Hz ) interlayer prior to the deposition of a silicon oxide (SiOx )
film [57]. As stated by Walther et al [60], such interlayers promote the adhesion between the substrate and the SiOx . Therefore, these interlayers are usually referred to as
adhesion-promoting layers [55, 57–60].
The deposition process, i.e., the film forming species contributing to film growth, differ
in different processes. Ion bombardment is an important mechanism for the creation of
dangling bonds or active sites at the surface [109, 110]. For HMDSO based processes,
fragments like pentamethyldisiloxanes or trimethyldisiloxanes and corresponding ions are
stated to govern the film growth (cf. figure 2.1) of polysiloxane films even if oxygen is
added for the deposition of silicon oxide films [59, 89, 101]. Therefore, the film initially
grows as a polysiloxane layer in HMDSO fed processes, as schematically shown in figure
2.1. However, simultaneously impinging reactive oxygen species (introduced by oxygen
admixture) lead to oxidative surface reactions. Consequently, hydrocarbons are removed
resulting in reaction products like CO2 , CO or H2 O. Therefore, the formation of an inorganic silicon oxide film from HMDSO is mainly driven by surface reactions, rather than
by reactions in the gas phase (cf. figure 2.1) [57]. Only little work has been published
regarding the deposition behavior of HMDSN. However, it is stated in literature that silyl
radicals might contribute to film growth in HMDSN based processes [109].
Inorganic silicon oxide films gained a lot of attention for application as gas permeation
barrier coatings on plastics, because they are transparent and can improve the barrier
performance against permeation of gases (e.g. O2 , CO2 ) and vapors (H2 O) by several
orders of magnitude [35–41, 55–57, 59, 111, 112]. The barrier properties of SiOx coatings
were correlated to the corresponding chemical composition, chemical structure and morphology in a broad range of publications [41, 57, 63, 71, 111, 113–115]. Elam et al [116]
and Starostin et al [117] correlated the barrier performance of silicon oxide coatings
on plastics to the energy spent per precursor molecule [111]. They reported increasing barrier performances for rising energies spent per precursor molecule [111, 116, 117].
However, even pure inorganic SiOx does not necessarily exhibit a significant barrier performance [37, 71, 111]. In fact, the cross-linking of the silicon oxide network has to be
considered, e.g., as reported by Steves et al [71]. In particular, plasma parameters, like
the energy of impinging ions, and the atomic oxygen density, have a strong effect on
the resulting cross-linking during film growth [71, 111]. Additionally, low energetic ion
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bombardment and prevailing atomic oxygen densities were reported to influence the morphology and the chemical structure of plasma coatings [55, 58, 71–74, 111, 112, 118]. In
the case of ion bombardment, the ion energy was stated to be decisive for the surface
mobility of film forming species [57, 71, 72, 111]. Hence, it is also decisive for the resulting
cross-linking [57, 71, 72, 111].

2.1.2. Hexamethyldisiloxane (HMDSO)
The structural formula of hexamethyldisiloxane (HMDSO) is shown in figure 2.2 (a).
Under normal conditions, HMDSO is a colorless liquid and has a vapor pressure of 56 hPa
at a temperature of 25◦ C [119]. Using it as feed gas in deposition processes, requires a
vaporization. Therefore, HMDSO was vaporized in an evacuated (≤ 70 Pa) evaporator
by heating it to 53◦ C. HMDSO vapor was buffered in a reservoir ensuing a steady state
vapor pressure (approx. 70 hPa). The flux of HMDSO vapor was adjusted via a mass flow
controller in the range between 2 and 50 sccm. The bond energies of bonds in HMDSO
are summarized in table 2.1.
a)
H3C

CH3
Si
CH3

O

CH3
Si

CH3

b)

CH3
H3C

CH3

Si
CH3

H
N

CH3
Si

CH3
CH3

Figure 2.2.: Natta projection of the structural formula of (a) hexamethyldisiloxane
(HMDSO) and (b) hexamethyldisilazane (HMDSN).

2.1.3. Hexamethyldisilazane (HMDSN)
The structural formula of hexamethyldisilazane (HMDSN) is shown in figure 2.2 (b).
Like HMDSO, HMDSN is a colorless liquid under normal conditions. It exhibits a vapor pressure of 18 hPa at a temperature of 25◦ C [120]. Vaporization is also required to
use HMDSN as feed gas in deposition processes. Comparable to HMDSO, HMDSN was
vaporized in an evacuated evaporator by heating to 50◦ C and the flux of HMDSN vapor
was also controlled by a mass flow controller. Fluxes in the range of 2 to 50 sccm were fed
into the process chamber. The energies of corresponding bonds in HMDSO are summarized in table 2.1. HMDSN exhibits overall lower bond energies than HMDSO. HMDSO
exhibits for example a bond energy for Si−C which was by 20% higher than for HMDSN.
Particularly, the bond energy of the Si−N bond in HMDSN was stated to be lower by
1.2 eV than the Si−O bond in HMDSO.
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HMDSN

HMDSO

Monomer

Bond

Bond energies
(eV)

Reference

−Si−O

4.6

[59, 121]

−Si−C

3.7

[59, 121]

−C−H

4.5

[59, 121]

−Si−N

3.4

[107]

−Si−C

3.1

[107]

−C−H

4.3

[107]

−N−H

4.1

[107]

Table 2.1.: Bond energies of hexamethyldisilazane (HMDSN) and hexamethyldisiloxane
(HMDSO).

2.2. Experimental setup
Coatings were applied by a microwave driven low pressure discharge. A schematic sketch
of the experimental setup is shown in figure 2.3 and the setup was already described in
detail by Deilmann and Steves [57,59]. The corresponding vacuum chamber is cylindrical
and has a volume of 6 · 10−3 m−3 . The pumping system consists of a dry compressing
screw fore pump (LEYVAC LV 80, Leybold, Germany) and a roots pump (RUVAC WH
700, Leybold, Germany) resulting in a base pressure of ≤ 1 · 10−2 Pa. The pressure is
controlled by a SoftShut control valve (VG Scienta Ltd., United Kingdom) via a feedback control loop, i.e., a proportional-integral-derivative (PID) controller. Based on the
measured pressure, the controller regulates the position of the control valve to reach the
set pressure of typically 25 Pa. The PID parameters are kept constant for all gas fluxes.
However, this may result in periodic pressure deviations. For a set pressure of 25 Pa, and
for small total fluxes of 2 sccm, the pressure deviated by ±20%. For total fluxes greater
or equal than 100 sccm, the pressure deviated around the set value by ±2%.
Microwaves with a frequency of 2.45 GHz are generated by a MX4000D-110LL (Muegge
GmbH, Germany) generator, comprising a circulator and a magnetron. As described by
Deilmann and Steves [57,59], the generated microwaves are guided through a rectangular
waveguide and are coaxially applied to an altered Plasmaline antenna in the central axis
of the cylindrical chamber. As shown in figure 2.3, the Plasmaline antenna is composed of:
(i) an inner quartz tube for gas feeding, which is surrounded by (ii) a copper tube and itself
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gas intlet

plasmaline antenna
substrate holder

copper tube
inner quartz tube
outer quartz tube

oscilloscope

diagnostics

matching

e.g. OES
(line of sight)
substrate
position

ALD valve
argon
hydrogen
nitrogen
oxygen

MFC

HMDSO
evaporation
system

MFC

RF
generator

control unit
(triggering)
to pump
glass tube
microwave
power source
MFC

HMDSN / TMA
evaporation
system

Figure 2.3.: Experimental setup for the deposition of silicon based coatings on polymeric substrates by means of a microwave driven low pressure plasma.
The substrate holder was biased or optionally grounded.
again surrounded by (iii) an outer quartz tube. The outer quartz tube is connected to the
inner one at the top. The microwaves propagate as transversal electromagnetic (TEM)
surface waves along the antenna, and cause the plasma discharge to evolve around the
antenna [59]. The radial electric field component exhibits a ∝ 1/r decay [57,59,122]. The
copper tube functions as an inner conductor, the outer quartz tube as a dielectric and the
plasma as an outer conductor [59, 122, 123].
As listed in table 2.2, a maximum power of 2 kW can be applied in continuous wave mode.
As shown in figure 2.3, different process gases can be applied via mass flow controllers:
oxygen, nitrogen, hydrogen, and argon (cf. table 2.2). Additionally, three evaporation
systems, one for HMDSO, one for HMDSN, and one for trimethylaluminum (TMA) are
connected to the gas inlet. All process gases are fed into the chamber through the inner
quartz tube of the Plasmaline antenna. A metallic substrate holder is positioned concentrically around the Plasmaline antenna. As shown in figure 2.3 and figure 2.4, it has a
simplified bottle shape with open ends for the introduction of bottles with a volume of 1 l
or for the introduction of varying samples (plastic foils, Si wafer, etc.) in a cylindrical sam-
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Pressure & flux

RF bias

MW

ple holder (cf. figure 2.4) made of PET. The substrate holder is placed on a glass cylinder
insulating it from ground potential. Therefore, a voltage signal can be applied to the substrate holder via an electrical vacuum feed-through. This results in a bias potential and a
capacitively coupled discharge, as will be discussed in section 2.2.2. If a bias application is
not requested, the substrate holder is set to ground potential at the vacuum feed-through.
Parameter
Microwave cw power
Microwave pulse power
Pulse duration
Pulse pause
RF power
RF pulse duration
RF pulse pause
RF temporal off-set
Working pressure
HMDSO
HMDSN
Hydrogen
Nitrogen
Argon
Oxygen

Symbol
cw
PMW
PMW
tMW
on
tMW
off
PRF
tRF
on
tRF
off
tRF
shift
p
ΓHMDSO
ΓHMDSN
ΓH2
ΓN2
ΓAr
ΓO2

Range
≤ 2 kW
≤ 3 kW
≤ 24 ms(∆tMW
on = 1 ms)
≤ 250 ms(∆tMW
on = 1 ms)
≤ 1 kW
≤ 250 ms ∨ cw(∆tRF
on = 1 ms)
RF
≤ 250 ms(∆toff = 1 ms)
≤ 250 ms(∆tRF
shift = 100 µs)
≤ 100 Pa
≤ 50 sccm
≤ 50 sccm
≤ 200 sccm
≤ 100 sccm
≤ 200 sccm
≤ 1000 sccm

Table 2.2.: Range of applicable parameters for microwave (MW) driven low pressure and
radio-requency (RF) discharges.
As described in the following section 2.2.3, the setup was modified to run PEALD processes. This comprised an evaporation system for trimethylaluminum (TMA), and ALD
valves for TMA, oxygen and argon.

2.2.1. Course of barrier film deposition
The deposition of silicon based barrier coatings on plastics was accomplished by the application of three consecutive plasma processes, as proposed by Steves [57]. This three
step process consisted of: (i) a pretreatment of the substrate by a pure argon or oxygen
discharge for cleaning and activation of polymeric substrates [57,112]; (ii) an organosilicon
interlayer usually deposited by processes solely fed with HMDSO; and (iii) the deposition
of a barrier film with a composition ranging from organic silicon based SiOx Cy Hz layers
to inorganic SiOx layers [57, 112]. In the following it is noted explicitly, if a single coating
or the three step process was applied for the deposition on substrates.
For deposition processes, the microwave power was pulsed (cf. table 2.2) to reduce the
heat load on the substrate and to ensure a homogeneous plasma process [57, 59]. Based
on the findings of Steves [57] and Deilmann [59], the microwave on time tMW
was adon
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justed between 1 ms and 4 ms ensuring a sufficient consumption of the precursor added to
was adjusted according to the homogeneity
the discharge. The microwave off time tMW
off
criterion stated by Deilmann [59]

ζ=

p·V
,
Γtotal

(2.2)

assuring a sufficient time ζ for gas exchange after consumption of precursor molecules
during on time. In equation (2.2), the pressure is denoted by p, the volume by V and
P
the total gas flux consisting of n different gases is described by Γtotal = ni=1 ΓGas i . As
shown in figure 2.4, all substrates were positioned at the 0-position (z = 0) for the plasma
treatment ensuring similar coating and treatment conditions.

2.2.2. Substrate Bias

290.5 mm

54.5 mm

For bias applications, the substrate holder
was connected to a RF power gener86 mm
ator cito 1310 (ACNA-N37-FF, Comet,
Stolberg, Germany) via a vacuum feed
z
through and a matching network AGS
1310a (Comet, Stolberg, Germany). An
automatic controller was adjusting the
matching.
The voltage signal ensuing at the substrate holder was tracked
at the vacuum feed through by a
z=0
high voltage probe PHV 1000-3 (PMK substrate
GmbH, Germany) connected to an oscil- position
loscope DPO4104B (Tektronix Ltd., UK). cylindical
sample holder
A bottle-shaped substrate holder was
also used for bias applications. How- bottle shaped
substrate holder
ever, the substrate holder was separated in two sections: (i) a biased
to pump
part, (ii) a floating part.
As shown
in figure 2.5, the upper part, containing the samples, was biased and
separated by an insulating ring from
the rest to ensure a homogeneous dis- Figure 2.4.: Schematic illustration of the
substrate position and the posicharge just in the region of the samtion of the sample holder.
ples.
As discussed in section 2.1.1, besides the atomic oxygen density, the energy of impinging
ions is decisive for the chemical structure, the morphology, as well as for the cross-linking of
SiOx coatings [57, 71, 111, 112]. Therefore, it significantly affects the resulting barrier performance [57,71,111,112]. Biasing the substrate holder with an RF signal is a typical technique to control and increase the energy of ions impinging on a substrate [57,71,124–128].
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A sinusoidal RF signal applied to the
substrate holder leads to a modulation
of the plasma sheath. Commonly, this
causes a bimodal ion energy distribuoscilloscope
tion function [57, 124, 126, 128].
The
spread of the bimodal ion energy dismatching tribution depends on the ion mass, as
shown in literature [57, 100, 128]. Fursolid cylindrical
RF
sample holder
thermore, the mean sheath voltages at
generator
the driven electrode Ūdriven and at the
isolating
ring
grounded electrode ŪGND (cf. figure 2.6;
metallic mesh
both taken between plasma and elecsubstrate holder
trode potential) in a capacitively couto pump
pled plasma are decisively influenced by
the ratio of corresponding electrode areas.
Considering the plasma sheaths
at both electrodes as capacitors and
Figure 2.5.: Schematic illustration of the taking into account Child-Langmuir’s
setup used for bias applications, law a relation between sheath voltincluding the particular sub- ages and electrode areas is found [57,
100]
strate holder.

AGND
Ūdriven
=
Adriven
ŪGND


q

(2.3)

.

In equation (2.3), Ūdriven and ŪGND denote the mean sheath voltages at the driven and the
grounded electrode. The area of the grounded electrode is denoted as AGND and the area
of the driven electrode as Adriven . According to experimental observations, the exponent
is found to be q . 2.5 [100]. Considering an asymmetric electrode arrangement for a
capacitively coupled discharge with the driven electrode being the smaller one and being
connected to a matchbox or a blocking capacitor (as shown in figure 2.6), a higher sheath
voltage Ūdriven ensues at the driven electrode to fulfill equation (2.3). Therefore, a DC
bias voltage Ubias sets up at the driven electrode. With reference to ground potential, the
DC bias voltage is described as [100]





Ubias = − Ūdriven − ŪGND .

(2.4)

On average, the resulting energy of ions impinging on the electrode is decisively influenced
by the DC bias voltage setting up.
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_
UGND

matching
(capacitor)

~

_
Udriven

plasma

RF generator

AGND

Adriven
Ubias

Figure 2.6.: Schematic illustration of an asymmetric arrangement for a capacitively
coupled plasma. Adapted from [57]
Ion energy determination
For a biased substrate holder, the average energy ions gained in the RF sheath was
estimated as proposed by Prenzel et al [127] and Steves et al [71]. Therefore, two different
cases were discriminated [111]: (i) if the bias voltage was below the floating voltage, it
was assumed that the sheath voltage equaled the difference between plasma potential and
the measured bias voltage. (ii) A constant voltage drop, being the difference between
plasma and floating potential, was assumed for bias voltages greater than or equal to the
floating potential [111].
Pulsed RF bias
Steves et al [71] correlated morphology, chemical structure and barrier performance of
SiOx coatings to the ion energy and the atomic oxygen density for the same setup used in
this thesis. Steves applied a continuous wave RF signal to the substrate holder in addition to the microwave discharge leading to a bias voltage and increasing the average ion
energy [57, 71]. The average ion energy was increased to 11 eV, which resulted in a higher
degree of cross-linking, as well as in a smoother morphology, and hence, in an improved
barrier performance [71, 111]. Besides the bias voltage, however, a capacitively coupled
plasma (CCP) emerged superimposing the pulsed microwave driven discharge [57]. Continuously running, the CCP generated additional atomic oxygen by dissociation even
during the microwave off time in an O2 /HMDSO mixture [57, 71]. Therefore, the mean
atomic oxygen density was also increased [57, 71]. Hence, both the mean atomic oxygen
density and the average ion energy were linked and could not be varied independently.
Taking advantage of the DC bias voltage setting up and the superimposed CCP discharge,
a pulsed RF bias was introduced to vary ion energy and atomic oxygen density, separately.
A control program based on an ADwin Gold II system (Jäger Messtechnik GmbH, Germany) was utilized to trigger the generation of MW and RF pulses, independently. The
applied control system ensured synchronous and reproducible pulse generation with an
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P
MW

MW

ton

toff

PMW
RF

RF

tshift

RF

ton

toff

PRF

MW

t1

RF

MW

t1,a/b

t2

RF

t2,a/b

t

Figure 2.7.: Schematic illustration of triggering RF pulses in respect to MW pulses
with a power of PMW . Temporal shifts tRF
shift and RF on times were
varied. Adapted from [111].
accuracy in the range of a few microseconds. As shown in figure 2.7, RF pulses with a
power PRF could be shifted temporally by a variable time tRF
shift with respect to the beginning of MW pulses. Within the frame of this thesis, RF pulse generation was triggered
RF
MW !
= 0) or at the end of MW pulses
either at the beginning (tRF
shift,a = 0 ms; t1,a = t1
!

RF
MW
(tRF
= 4 ms) [111]. All experiments related to the application of a
shift,b = 4 ms; t1,b = t2
MW
RF bias were performed with a MW on time of tMW
on = 4 ms, an off time of toff = 40 ms,
a MW power of 1500 W and at a pressure of 25 Pa. As will be discussed in chapter 6,
the RF on time tRF
on was varied between 1 ms and 4 ms, if RF pulses were applied at the
MW
) [111]. For RF pulses triggered at the end of MW
beginning of MW pulses (tRF
1,a = t1
RF
MW
pulses (t1,b = t2 ), the RF on time tRF
on was adjusted between 4 ms and 40 ms [111]. The
matching was automatically controlled by the generator to reach a stable power of 60 W.

2.2.3. Plasma enhanced atomic layer deposition (PEALD)
Besides PECVD, different vapor-phase deposition techniques were established in the last
decades to deposit thin functional films [42, 129–132]. Techniques providing a fine-tuned,
sub-monolayer, and homogeneous growth are atomic layer deposition (ALD), and plasma
enhanced ALD (PEALD) [133, 134]. The deposition of films from these two techniques
comprises consecutively applied cycles, where each cycle consists of four sequential steps
separated in two half-cycles, as schematically shown in figure 2.8. By applying different
metal-organic precursors, it is possible to fabricate a broad variety of thin film materials,
e.g., TiO2 , TiN, SiO2 , Al2 O3 , and Ag [134].
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The first half-cycle of ALD and PEALD begins with feeding a dose of precursor into
the vacuum chamber [133]. The introduced precursor molecules chemisorb at reactive
surface sites, like hydroxy-groups [133, 135] at the surface of a substrate. Ideally, the
process is self-limiting, and, thereby, a monolayer of precusor molecules is formed at the
surface depending on the availability of reactive surface sites. Subsequently, the first
half-cycle is completed by a second step: an inert gas, like argon, is fed into the chamber
to remove residual precursor molecules not chemisorbed at reactive surface sites [133,134].

precursor chemisorption
1. half-cycle
2. inert gas
purge

1. precursor
dose
substrate
after
purge

substrate

substrate

after
purge

a)
PEALD
substrate
4. inert gas
purge

ALD
b)
substrate

3. reactant
dose

2. half-cycle

a) plasma exposure
b) thermal ALD
Figure 2.8.: Simplified schematic illustration of one ALD/PEALD cycle comprising
two half-cycles. First half-cycle: 1. step, precursor dose leading to
chemisorption of precursor molecules at reactive sites; 2. step, purging
with inert gas to remove residual precursor molecules. Second halfcycle: 3. step, co-reactant dose and exposure to a plasma (PEALD)
or thermally-driven ALD; 4. step, inert gas purge to remove residual
co-reactant and reaction byproducts.
A co-reactant (e.g. H2 O, O2 ) is fed into the chamber as a third step beginning the second
half-cycle. In ALD, a chemical surface reaction between the co-reactant and previously
chemisorbed precursor molecules is induced thermally by a moderate increase of the substrate temperature (roughly 423 K to 623 K) ideally resulting in a monolayer of the desired
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material [134]. On the contrary, in PEALD the co-reactant step (first step of second halfcycle) is accompanied with the ignition of a plasma. Hence, the chemisorbed precursor
molecules are exposed to species (e.g., ions, neutrals, electrons, photons) generated in
the plasma fed with the co-reactant. This leads to surface reactions and results in the
formation of metal oxide, metal nitride or metal films [134]. In comparison to ALD, the
plasma assisted ALD process offers a greater variety of processing parameters and tunable material properties [134]. In comparison to ALD, thin films can be deposited at or
close to room-temperature by PEALD [66, 129, 133, 136]. Therefore, PEALD is particularly suitable for the coating of polymeric substrates [134]. Notably, Al2 O3 , TiO2 , and
SiO2 deposited by PEALD on polymers exhibited a significant increase of barrier performance against permeation of oxygen and water vapor, and furthermore, a low pinhole
density was reported [134, 137–139]. Therefore, PEALD was already utilized to deposit
thin films for the encapsulation of polymeric devices, such as organic LEDs [134,137–139].
As a fourth step (second step in the second half-cycle), a further inert gas purge is applied
to remove the residual co-reactant and reaction products from the chamber. As shown
in figure 2.8, one cycle consists of all four steps corresponding to two half-cycles. One
cycle results in a film growth of up to one monolayer. By consecutive repetition of this
discontinuous operation mode, the desired film thickness is achieved. Furthermore, the
self-limiting and uniform growth impedes the formation of defects, i.e., pinholes. Thus,
low defect densities are exhibited in comparison to PECVD processes [66, 112, 129, 136,
137, 140]. Besides PECVD, PEALD was utilized for the deposition of thin films in the
frame of this thesis. For optimized process parameters, PEALD films result in highly
uniform, and homogeneous thin films with a high density, as well as an enhanced degree
of cross-linking [133, 141, 142].
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3.1. Plasma diagnostics
3.1.1. Langmuir probe
Spatially and time resolved plasma parameters, like plasma and floating potential, as
well as the electron density and the electron energy distribution function (EEDF) fe (E)
were obtained by Langmuir probe measurements. An automatic probe system 3 (APS3,
Institute for Electrical Engineering and Plasma Technology, Ruhr-Universität Bochum,
Germany) was used for these measurements. Langmuir probe measurements are based
on the measurement of the probe current Ip in correlation to the voltage Vp applied to
the probe [59, 143, 144]. According to Druyvesteyn [145], the second derivative of the
probe current is related to the EEDF [59, 143, 145]
√

8me Ee d2 Ie
,
Ap e3 dV 2

fe (Ee ) =

(3.1)

with the electron energy Ee , the elementary charge e, the total area of the probe Ap and
the electron mass me . The k-th moment of the EEDF is defined as [59, 146]
k

µ =

Z ∞
0

Eek fe (Ee )dEe .

(3.2)

The electron density is derived from the 0-th moment [59,100,146]. According to equation
(3.2) the electron density is then described as

ne = µ0 =

Z ∞
0

fe (Ee )dEe .

(3.3)

Furthermore, the mean electron energy Ēe is defined as the ratio of the 1-st moment to
the 0-th moment [57, 59, 100, 146]
∞
µ1
Ee fe (Ee )dEe
.
Ēe = 0 = 0R ∞
µ
0 fe (Ee )dEe

R

(3.4)

Assuming a Maxwellian distribution the electron temperature Te is defined as
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Te =

2 Ēe
,
3 kB

(3.5)

with kB being the Boltzmann constant.
Averaging over 300 to 600 measurements led to each current-voltage characteristic. Variation of the probe voltage was performed with an increment of 0.1 V. Considering equation
(3.1) the EEDF depends on the second derivative of the current-voltage characteristic of
the probe. Therefore, measurement deviations and noise may have a significant impact
on the determined plasma parameters [147]. Consequently, the measured current-voltage
characteristic was smoothed as described in literature [146, 147] by: (i) a fast Fourier
transform (FFT) or (ii) by local polynomials based on a tri-cubic band filter. Like other
plasma diagnostics, Langmuir probe measurements were performed at 0-position (z = 0)
of the vacuum chamber (cf. figure 2.4).

3.1.2. Optical emission spectroscopy (OES)
Optical emission spectroscopy (OES) is a noninvasive technique to analyze the photoemission of plasmas. Besides the identification of species contained in the plasma, plasma
parameters, like the electron density, the electron temperature and the gas temperature
or the density of oxygen atoms, can be quantified by OES. Two spectrometers were used
for OES: (i) an echelle spectrometer ESA-3000 (LLA GmbH, Germany) and (ii) a USB
spectrometer QE 65000 (Ocean Optics GmbH, Germany). The QE 65000 covers a spectral range from 200 nm to 900 nm and has a resolution of ∆λ = 1.3 nm. The echelle
spectrometer exhibits a spectral resolution of ∆λ = 0.015 − 0.006 nm between 200 nm and
800 nm. According to Bibinov et al [148], a tungsten ribbon lamp and the branching ratios
according to the emission spectra of nitrogen and nitrogen oxide were used for relative
and absolute calibration of both spectrometers [55, 57, 149]. The photoemission of the
plasma was observed by an optical fiber equipped with an aperture defining the acceptance cone. The fiber was placed at 0-position (z = 0) outside the vacuum chamber and it
was directed towards the Plasmaline antenna. Therefore, the photoemission was acquired
in line of sight through a quartz window and a gap in the substrate holder ensuring an
unimpeded transport of radiation from the plasma. Considering a geometrical factor, the
observed plasma volume, defined by the acceptance cone, was determined as reported
by Steves et al [57, 149]. The spectral sensitivity of the spectrometers and the observed
plasma volume were taken into account to determine the absolute emission intensity (in
phot. s−1 m−3 ).

Electron density and electron temperature
The electron density ne and the electron temperature Te were determined by application
of a collisional radiative (cr) model, as proposed by Steves et al [57, 149]. The cr model
bases on the photoemission of nitrogen molecules. In particular, the N2 (C-B, 0-0) and
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the N+
2 (B-X, 0-0) bands are considered [57, 111, 149]. An exemplary optical emission
spectrum is presented in appendix A.1. As shown in appendix A.2, direct and stepwise
electron impact excitation (EIE) processes, as well as ionization processes (EII) according
to following transitions were taken into account [57, 111, 149]:
N (X)

kN2 (C)
2

(1) N2 (X) + e −−−−→ N2 (C) + e
N2 (X)
k +
N (B)
2

(2) N2 (X) + e −−−−→ N+
2 (B) + 2e
N (X)
kN2 (A)
2

(3) N2 (X) + e −−−−→ N2 (A) + e
N (A)
kN2 (C)
2

(4) N2 (A) + e −−−−→ N2 (C) + e
N (A)
kN2 (B)
2

(5) N2 (A) + e −−−−→ N2 (B) + e
N2 (A)
k +
N (X)
2

(6) N2 (A) + e −−−−→ N+
2 (X) + 2e
N+ (X)
2
k +
N (B)
2

(7) N+
−−−→ N+
2 (X) + e −
2 (B) + e
N2 (X)
k +
N (X)
2

(8) N2 (X) + e −−−−→ N+
2 (X) + 2e

(3.6)
(3.7)
(3.8)
(3.9)
(3.10)
(3.11)
(3.12)
(3.13)

In equations 3.6 − 3.13, the rate coefficients for transitions from state i to state j by electron impact excitation or ionization processes are denoted as kji . The observed emissions
belong to the following transitions [57, 149]
+
(9) N+
2 (B) −→ N2 (X) + h · νN+ (B−X)

(3.14)

(10) N2 (C) −→ N2 (B) + h · νN2 (C−B) .

(3.15)

2

In equations 3.14 and 3.15 the frequency of emitted photons is denoted as νN+ (B −X) and
2
νN2 (C − B). Considering a normalized Maxwellian distribution, the rate coefficients
are described by [57]
s

kji

=



Z ∞
8·e
Ee
− 32
· (kB Te )
exp −
· Ee · σji (Ee )dEe .
π · me
kB Te
0

(3.16)

The rate coefficients are functions of the electron temperature Te and of the cross-sections
σji (Ee ) corresponding to the process resulting in a transition from state i to state j. Crosssections from literature were considered as presented in appendix A.3. According to Steves
et al [57, 149], the absolute intensity of photoemission of the N2 (C-B, 0-0) and the N+
2
(B-X, 0-0) band is determined by
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(3.18)

The density of nitrogen ions nN+ was described as
2

N (X)

nN+ = ne ·
2

nN2 · kN+2 (X)
2

N (X)

O (X)

nN2 · kN+2 (X) + nO2 · kO+2 (X)
2

(3.19)

,

2

and the density nN2 (A) of nitrogen molecules in state N2 (A) was
N (X)

nN2 (A) = nN2 ·

kN22(A)
N (A)

N (A)

N (A)

kN22(C) + kN22(B) + kN+2 (X)

.

(3.20)

2

The densities of oxygen and nitrogen molecules, nN2 , and nO2 , were derived from the
ideal gas law taking into account the gas temperature TG . F1 and F2 denote branching
factors (F1 = F2 = 0.5) considering electron impact excitation into the vibrational level
v = 0 of N2 (C) and the emission of corresponding state into v = 0 of N2 (B) [149, 150].
Solving equation (3.17) (i: 1) and equation (3.18) (i: 2) for ne leads to two equations
i of the form ne = fi,solv. (kB Te ) [57, 149]. This system of equations has a solution at
the intersection points of both functions fi,solv. (kB Te ) plotted for a sequence of various
Te [149]. Therefore, the intersection points allocate an electron density ne to an electron
temperature Te solving the system of equations. As solving equation (3.18) for ne results
in a non-linear function, ambiguous solutions may occur [149]. Consequently, additional
information about the electron density or the electron temperature have to be acquired
(e.g. by other plasma diagnostics) for a proper interpretation [149].
The cr model based on the photoemission of molecular nitrogen bands required the admixture of nitrogen to the processes under investigation. The amount of admixed nitrogen was
adjusted to ensure that a sufficient emission intensity of corresponding bands was achieved
and to ensure that the effect on initial plasma parameters was minor [55,57,111,112,149].
The latter was controlled by observing the photoemission of the atomic oxygen line at
777.2 nm (O(5 P) − O(5 S)). As the line intensity depended on the electron temperature
and the electron density, the oxygen photoemission at 777.2 nm served as an indicator for
the disturbance of the plasma [111, 149]. Therefore, the intensity of the corresponding
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line was sensitive to changes of plasma parameters [111]. Steves et al [57, 149] validated
this procedure and the reliability of the cr model by comparative studies with a multipole resonance probe (MRP). Systematic errors immanent to the cr model were discussed
in literature [149]. Consequently, small amounts of nitrogen in the range of 5 to 10%
were admixed to the processes, which did not result in a noticeable change of emission at
777.2 nm, however, in a sufficient photoemission of nitrogen bands [111].

Atomic oxygen density
The steady-state atomic oxygen densities were determined by measuring the photoemission of the oxygen line at 844.6 nm, corresponding to the transition O(3 P) − O(3 S) and
considering determined plasma parameters. Direct and dissociative electron impact excitation, as well as the cross-sections of corresponding excitation processes were taken into
account, leading to the atomic oxygen density nO
O (X)

nO =

IO(3 P − 3 S) − nO2 · kO(23 P) · ne
OI
kO(
3 P) · ne

.

(3.21)

The rate coefficients for dissociative excitation and electron impact excitation from ground
O (X)
OI
state are assigned as kO(23 P) and kO(
The rate coefficients depend on the electron
3 P) .
temperature and the cross-section for the corresponding excitation process. Cross-sections
were considered according to literature [151, 152]. In equation (3.21), IO(3 P) denotes the
absolute emission intensity. The atomic oxygen flux Γ0 was determined by [55, 111, 112]
1
ΓO = nO ν̄O .
4

(3.22)

Considering an average gas temperature T̄G , and assuming a Maxwellian distribution,
the mean thermal particle speed was designated as ν̄O in equation (3.22) [55, 111, 112].

Gas temperature
OES was used to determine the gas temperature according to the photoemission of molecular nitrogen and the corresponding rotational distribution. Assuming an equilibrium
between translational and rotational degrees of freedom, the gas temperature coincided
with the rotational population of excited states of molecular nitrogen. This assumption
is valid under the given plasma conditions, due to only slight changes of the momentum
of molecular nitrogen by electron impact excitation, and due to a sufficient lifetime of nitrogen molecules ensuring an equilibrium by a sufficient number of collisions [55, 57, 149].
To conduct the gas temperature from the rotational temperature, the emission spectrum
of the vibrational band N2 (C − B, 0 − 0) was simulated for different rotational distributions, i.e., rotational temperatures, as described in literature [57, 149]. The measured
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emission spectra were then compared to the simulated spectra [55, 57, 149]. Therefore,
a fitting procedure was used to determine the gas temperature and the confidence interval [55, 57, 149, 153].

3.1.3. Mass spectrometry (MS)
Mass spectrometry is a common technique for analyzing a wide spectrum of neutral and
ionized plasma species, quantifying time-resolved ion energies and absolute densities [57,
59,154–156]. In this thesis, mass spectrometry is used to quantify time-averaged absolute
densities of neutral HMDSO and HMDSN molecules, as well as absolute densities of
atomic oxygen and partially methane. A HIDEN EQP 300 (HIDEN Analytical Ltd.,
UK) was used, comprising two differential pumping stages and a quadrupole mass filter.
Both pumping stages were separated by an orifice and each stage was equipped with a
turbo molecular pump ((1) Turbovac 350 i/iX, Leybold GmbH, Germany; (2) and TPU
180H, Pfeiffer Vacuum GmbH, Germany) resulting in a base pressure of 1 · 10−8 Pa within
the mass spectrometer (MS) in stage 2 (cf. figure 3.1). As shown in figure 3.1, mass
spectrometry was performed at the same z-position like measurements utilizing other
plasma diagnostics (i.e., Langmuir probe measurements, optical emission spectroscopy
and laser absorption spectroscopy). A detailed description of the MS setup was reported
by Steves [57]. The orifice separating both differential pumping stages had a diameter
dorifice,2 of 2 mm. Neutral species from the plasma were extracted through a grounded
orifice located directly at the substrate holder and leading to a molecular beam (MB)
entering the MS. A majority of the particles entering the MS through the orifice was lost
to the pumps in the first differential pumping stage [156]. Only particles entering within
a small acceptance angle traversed through the second orifice (separating both pumping
stages), reached the ionizer and subsequent ion optics of the MS [156]. The particle
density nbeam
of species i in the MB can be described as [57, 156, 157]
i

nbeam
i

dorifice,1
1
= nmeas.
i
16
lo1,MS

!2

.

(3.23)

In equation (3.23), the density of species i in the plasma or in the gas-phase is denoted as
nmeas.
, the diameter of the orifice extracting the MB as dorifice,1 and the distance between
i
this orifice and the entrance of the ion optics of the MS is denoted as lo1,MS .
The orifice for extraction of the MB had a diameter dorifice,1 of 200 µm. Furthermore, the
MS was only connected to the process chamber by opening a shutter valve (cf. figure 3.1)
if measurements were performed. At a working pressure of 25 Pa and the MS connected
to the process chamber, a pressure of 3 · 10−4 Pa set in the first differential pumping stage
and a pressure of 5 · 10−6 Pa set in the second stage. For each set of parameters, at least
3 measurements were averaged. The operating voltage of the channeltron detector was
checked before measuring each set of parameters. According to [158], the voltage was
adjusted to result in a detector signal which was mainly independent of a variation of the
detector voltage. This resulted in a detector voltage of about 2500 V. Additionally, the
settings used to operate the MS are listed in appendix A.4.
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orifice 2
dorifice,2 = 2 mm

orifice 1
dorifice,1 = 200 µm

z

quadrupole
mass filter
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lens 1
ionisator

energy filter
lens 2
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detector

x

pumping
stage 2
pumping
stage 1
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to pump
Lionizer
lo1,MS
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Figure 3.1.: Schematic illustration of the reactor with attached mass spectrometer
(MS). The MS comprises two differential pumping stages (1 and 2) and
is equipped, e.g., with a channeltron detector, a quadrupole mass filter,
an ionisator and subsequent ion optics. The MS is separated from the
reactor by a shutter valve and neutral species are extracted from the
plasma through orifice 1. Adapted from [57].
Measurement of absolute densities of neutral species
For the quantification of absolute densities of neutral species, a calibration procedure
has to be performed. The number of particles of species i impinging on the channeltron
detector, i.e., the signal of the detector Si (Eei ) can be described by [156, 157, 159]
.
Si (Eei ) = Tms (mi ) · Θi (mi ) ·β · Lionizer · Ie · σi (Eei ) · nbeam
i
|

{z

Λ(mi )

(3.24)

}

In equation (3.24), the transmission efficiency of the energy filter is denoted as Tms (mi )
and the sensitivity of the detector as Θi (mi ), both depending on the the mass-to-charge
ratio and both summarized as a total mass dependent transmission function Λ(mi ). The
transmission function Λ(mi ) will be discussed in section 3.1.3. The extraction efficiency
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of ions produced in the ionizer traversing into the ion optics is referred to as β, the length
of the ionizer is referred to as Lionizer and Ie is the electron emission current of the ionizer.
The electron impact ionization (EII) cross section for species i, which is a function of the
electron energy Eei in the ionizer, is denoted as σi (Eei ) and nbeam
denotes the density of
i
species i in the MB.
To determine an unknown density of species i, a stable species j with known density
has to be measured and the corresponding detector signal Sjcal is then considered as a
reference for calibration [156, 157]. If the MS is operated with identical settings, dividing
equation (3.24) for species i by equation (3.24) for species j, applying equation (3.23),
of species i leads to the
and solving the resulting equation for the unknown density nmeas.
i
expression [156, 157]

nimeas. =

· σ cal (Eei ) meas.
Λj ncal
· Si
.
· j cal j
Λi Sj · σi (Eei )

(3.25)

In equation (3.25), ncal
indicates the known density of species j during the calibration
j
measurement as deduced from ideal gas law and σjcal (Eei ) denotes the EII cross section
of calibration species j. The detector signal during the calibration measurement is designated as Sjcal and Simeas. designates the detector signal during the measurement of species
i under investigation. If the species used for calibration equals the species under investigation, equation (3.25) can be simplified to [160]

nmeas.
=
i

ncal
i
· S meas. = kical · Simeas. ,
Sical i

(3.26)

as the transmission functions and the EII cross-sections cancel out. The ratio of calibracal
is summarized as a calibration constant kical .
tion density and detector signal ncal
i /Si

Measurement of neutral HMDSO and HMDSN molecular densities
A single HMDSO molecule exhibits a mass of 162 u and a HMDSN molecule exhibits
a mass of 161 u. EII of organosilicon molecules typically leads to unstable ions [156].
Therefore, the EII is dissociative [156]. For organosilicons like HMDSO and HMDSN, this
results predominantly in the cleavage of one methyl group [89,156]. Therefore, the heaviest
ion fragment and most intense peak in the mass spectrum of organosilicon molecules like
HMDSO and HMDSN is commonly observed at a mass-to-charge ratio which results from
the subtraction of the mass of a single ionized methyl molecule from the mass of a initial,
single organosilicon molecule [89, 161]. Hence, HMDSO molecules were measured at a
mass-to-charge ratio of 147 u and HMDSN molecules were detected at 146 u [89,156,161].
For the quantification of molecular densities of neutral HMDSO and HMDSN, calibration
cal
measurements were performed. The calibration measurements providing kHMDSO
and
cal
kHMDSN were separately performed for both species and for each set of parameters at the
same pressure of 25 Pa without a plasma being ignited.
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Measurement of atomic oxygen and CH4 densites
The quantification of atomic oxygen densities is based on the aforementioned calibration
procedure performed with a suitable stable species exhibiting the same or a similar mass
[162]. Methane (CH4 ) molecules have a mass of 16 u, the same mass like atomic oxygen.
Therefore, the calibration was performed by utilizing methane at a known pressure with
plasma being off, as also proposed in literature [162, 163]. Considering identical settings
of the MS, and both species having the same mass, the atomic oxygen density nmeas.
is
O
conducted by simplification of equation (3.25)

nmeas.
O

cal
ncal
CH4 · σCH4 (Eei )
cal
· SOplasma = kO
· SOplasma .
= cal
SCH4 · σO (Eei )

(3.27)

The density of CH4 , derived from the ideal gas law, and the corresponding detector signal
cal
during the calibration measurement are designated as ncal
CH4 and SCH4 . Additionally, the
cal
cross sections for direct EII of atomic oxygen σO (Eei ) and methane σCH
(Eei ) have to be
4
taken into account. The detector signal considered for the determination of the atomic
oxygen density is indicated by SOplasma in equation (3.27). However, the detector signal
meas
SOmeas = S16
u actually measured at a mass of 16 u during the process under investigation
is ambiguous. Different species or dissociation processes can contribute to the signal at
this mass-to-charge ratio. Besides the EII of oxygen atoms [163]:
O + e (Eei ≥ 13.8 eV) −→ O+ + 2e ,

(3.28)

the dissociative ionization of oxygen molecules might result in a further source of atomic
oxygen ions [163]:
O2 + e (Eei ≥ 18.0 eV) −→ O+ + O + 2e .

(3.29)

Additionally, the aforementioned dissociative ionization of organosilicon molecules is a
source for CH4 molecules, as methane might undergo direct EII in the ionizer contributing
to a mass-to-charge ratio of 16 u. To overcome this issue, additional measurements were
introduced acting as a reference for those processes. These measurements were performed
for each gas contributing to an employed gas mixture without running a plasma. Therefore, the cracking pattern, i.e., the fraction of dissociative EII of participating species in
the ionizer was determined. As mixtures of oxygen and HMDSO or HMDSN were used,
reference measurements were performed: (i) solely feeding oxygen into the chamber and
(ii) solely feeding HMDSO or HMDSN into the chamber.
In pure oxygen gas, the fraction of dissociative EII in the ionizer is derived from the
at 16 u, solely caused by atomic oxygen generated
ratio of the detector signal SOO,ref.
2
according to equation (3.29), to the detector signal SOref.
at 32 u caused by EII of molecular
2
O,ref.
oxygen. Assuming that the signal SO2 was only produced by dissociative EII of O2 , the
corresponding fraction is described as
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fO2

SOO,ref.
2
.
= ref.
SO2

(3.30)

Feeding the chamber solely with an organosilicon molecule HMDSX (X: O for HMDSO;
16 u,ref.
or X: N for HMDSN), led to a detector signal SHMDSX
at 16 u which was caused by
dissociative EII of the organosilicon molecule. At 147 u (HMDSO) or 146 u (HMDSN) the
ref.
appeared. Therefore, the fraction of dissociative EII resulting in a
main signal SHMDSX
mass of 16 u is described as

fHMDSX

16 u,ref.
SHMDSX
= ref.
.
SHMDSX

(3.31)

Consequently, the detector signal SOplasma considered for the determination of the atomic
oxygen density is determined by

meas
meas
meas
SOplasma = S16
− fHMDSX · SHMDSX
.
u − fO2 · SO2

(3.32)

meas
In equation (3.32), S16
u denotes the measured detector signal at 16 u during the corresponding process under investigation, and SOmeas
designates the measured detector signal
2
of O2 at 32 u during the investigated processes. The measured detector signal of the
organosilicon molecule HMDSX at 147 u (HMDSO) or 146 u (HMDSN) during plasma
meas
meas
are weighted by the cor. The signals SOmeas
and SHMDSX
processes is labeled as SHMDSX
2
responding fraction of dissociative EII contributing to the signal at 16 u. Thereby, the
cracking pattern of involved species for each set of parameters is considered for the quantification of absolute atomic oxygen densities.

A correction term was additionally introduced, since CH4 could also be produced in
the plasma. Hence, the overall contribution to the signal at 16 u was still ambiguous.
Consequently, the CH4 density was determined for processes solely fed with HMDSX.
Assuming that the methane production was dominated by the HMDSX admixture, as
observed by Nave et al [164] for HMDSO, the CH4 density nHMDSX
in processes solely fed
CH4
with HMDSX was weighted by the ratio fCH4 of the HMDSX flux ΓHMDSX and the total
flux (ΓHMDSX + ΓO2 ) in the oxygen diluted process under investigation.

fCH4 =

ΦHMDSX
.
ΦO2 + ΦHMDSX

(3.33)

Analog to equation (3.27) and equation (3.32) for atomic oxygen, the methane density
nHMDSX
was determined for processes solely fed by HMDSX
CH4
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nHMDSX
CH4

ncal
HMDSX
cal
HMDSX
4
· SCH
= kCH
· SCH
.
= CH
4
4
4
cal
SCH4

(3.34)

The density of CH4 , as derived from the ideal gas law, and the corresponding detector
cal
signal during the calibration measurement are designated as ncal
CH4 and SCH4 . Additionally,
the detector signal considered at 16 u during plasma processes solely fed with HMDSX
HMDSX
meas
meas
is assigned as SCH
. Again, the detector signal SCH
= S16
u actually measured at a
4
4
mass of 16 u was ambiguous. Therefore, considering the cracking pattern, and since no
HMDSX
could be determined analog to equation (3.32)
oxygen was admixed, SCH
4
HMDSX
meas
meas
SCH
= S16
u − fHMDSX · SHMDSX .
4

(3.35)

Taking into account equation (3.33), and following equation (3.34), as well as equation
(3.35), the CH4 density nest.
CH4 produced in oxygen diluted processes was estimated by
HMDSO
nest.
.
CH4 = fCH4 · nCH4

(3.36)

Therefore, the atomic oxygen density nproc.
during an oxygen diluted process was deterO
mined by considering equation (3.27)

plasma
meas.
cal
nproc.
= nO
− nest.
− nest.
CH4 = kO · SO
CH4 .
O

(3.37)

Degree of depletion of molecular species
The depletion of molecular species i, i.e., the degree of dissociation can be determined
by considering the signal at the detector with and without plasma being switched on
[89, 156, 160, 161]. Thereby, the degree of depletion of HMDSO, HMDSN and molecular
oxygen was determined. The depletion Di of species i (i: HMDSO, HMDSN, O2 ) is
expressed as

Di =

Siref. − Simeas
.
Siref.

(3.38)

The reference detector signal measured with plasma switched off is designated as Siref.
and the detector signal observed when the plasma was switched on is denoted as Simeas .
As described in section 3.1.3, HMDSO is measured at 147 u and HMDSN at 146 u. Apart
from that, molecular oxygen could be measured at a mass-to-charge ratio of 32 u.
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Electron energy and mass calibration
Reliable measurements by mass spectrometry are based on the calibration of the electron
energy scale and on the calibration of the scale of mass-to-charge ratio. Calibration of
the electron energy scale was performed by measuring neutral species with well known
ionization energies. Rare gases are preferably utilized because losses due to dissociative
ionization in the ionizer do not occur [165]. Therefore, argon with an atomic mass of
40 u was used for calibration of the electron energy scale. The ionization energy of argon
in ground state was reported to be 15.76 eV [166, 167]. Therefore, the electron energy in
the ionizer was varied from 10 eV to 30 eV and the detector signal at a mass of 40 u was
tracked. The obtained near-threshold data is shown in figure 3.2. By linear extrapolation
the data revealed an ionization energy of 17.94 eV, thus, differing from the value reported
in literature. Therefore, an offset between adjusted electron energy and obtained electron
energy was found. This offset had a value of ∆Eei = 2.18 eV and was considered for all
measurements.

signal (a.u.)

Likewise, a calibration procedure has to
be performed for the scale of the massto-charge ratio.
This calibration was
performed by measuring different neutral
species covering a wide range of different masses. The mass-to-charge ratio at
which corresponding peaks appeared was
then compared with the atomic mass of
the corresponding species. For this calibration procedure, the following species were
used: helium, methane, neon, argon, krypton, xenon and HMDSO. For each measurement, a single species was solely fed
into the chamber at a pressure of 25 Pa.
10
15
20
25
30
electron energy (eV)
As shown in figure 3.3 a), the peak of argon, having a mass of 40 u, appeared at
a mass-to-charge ratio of m/zq = 40.30 u.
Figure 3.2.: Near-threshold data of argon
Therefore, a shift with a value of 0.30 u to(40 u) ionized by EII in the ionwards higher masses (keeping z = 1) was
izer of the MS as a function of
present. The peaks of xenon isotopes are
electron energy.
presented in figure 3.3 b). All peaks were
shifted towards higher mass-to-charge ratios by values between 0.60 u and 0.64 u. Therefore, a mass dependent shift was observed.
In order to clarify the mass dependency, the aforementioned species were measured to
determine the difference ∆mi between expected and measured mass. In figure 3.3 c) the
aberration ∆mi is shown as a function of expected mass-to-charge-ratios m/zq . Although
a clear dependence on the mass of the species was observed, a general description of the
mass dependency was not found. The shift ∆mi between expected and measured mass regarding species with a mass between 12 u and 136 u could be described by an exponential
function
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a)

b)

c)

Figure 3.3.: The detector signal in the range from 39 u to 41 u is shown in a), when
argon was fed into the chamber. Introducing only xenon into the chamber, the signal of the detector in the range from 127 u to 138 u is presented in b). The aberration ∆mi of expected mass-to-charge ratio and
the center position of the measured peak is shown in c). The dashed
line represents the exponential fit as shown in equation (3.39).

!

mi /zq
∆mi = 0.097 u · exp
+ 0.149 u ,
83.488

(3.39)

with a coefficient of determination of R2 = 0.997, representing the square of the correlation coefficient. However, the shift ∆mi of species with lower masses (e.g. He) and of
species with higher masses (e.g. HMDSO) did not follow this behavior. Therefore, mass
calibration was separately performed for each species or fragment measured in this thesis
by determining and considering the corresponding difference ∆mi between expected and
measured mass.
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Mass dependent transmission function
The mass dependent transmission function Λ(mi ) is crucial for relative analysis of mass
spectra, as shown in equation (3.24). The transmission function was determined as stated
in literature [59, 154]. Similar to section 3.1.3, species covering a wide range of different
masses were introduced into the chamber at a pressure of 25 Pa. Methane, neon, argon,
krypton and xenon were used. Solving equation (3.24) for Λ(mi ) leads to

Λ(mi ) =

Si (Eei )
Si (Eei )
=
k
·
.
Λ
β · Lionizer · Ie · σi (Eei ) · nionizer
σi (Eei )
i

(3.40)

r e la tiv e tr a n s m is s io n ( a .u .)
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Figure 3.4.: Transmission function Λ(mi ) in relation to the mass-to-charge ratio
m/zq . Squares indicate the data normalized with respect to methane
(16 u) and the dashed line represents the exponential fit as shown in
equation (3.43).

As the MS settings and the pressure were kept constant, corresponding parameters in
equation (3.40) could be summarized as a constant kΛ . However, the measured signal at
the detector Simeas. (Eei ) depends on the isotope abundance τi of the measured species i
Simeas. (Eei ) = Si (Eei ) · τi .
Inserting equation (3.41) in equation (3.40) results in

32

(3.41)

3.1. Plasma diagnostics

Λ(mi ) = kΛ ·

Simeas. (Eei )
.
σi (Eei ) · τi

(3.42)

The ion abundance and the cross-sections for EII of each species are listed in table 3.1.
The mass dependent relative transmission Λ(mi ) normalized with respect to methane is
shown in figure 3.4. An exponential behavior was observed which is described by
m/zq
Λ(mi ) = 1.053 · exp −
97.163

!

(3.43)

.

This is in accordance with literature and was due to the quadrupole filter separating the
corresponding masses [59, 154].
Species
i
CH4
Ne
Ar
Kr
Xe

mi /zq
u
16
20
40
84
132

τi
0.989
0.905
0.996
0.570
0.269

Eei
eV
70
70
70
70
70

σi
cm−3
1.56 · 10−16
4.75 · 10−17
2.52 · 10−16
3.45 · 10−16
4.67 · 10−16

Reference
[168]
[59, 169]
[169]
[169]
[169]

Table 3.1.: The mass-to-charge ratio mi /z of the isotope with the highest natural isotope
abundance is listed for species i. Additionally, the abundance of the corresponding isotope τi , the electron impact ionization cross-sections σi , as well as
the applied electron energy Eei are shown.

3.1.4. Tunable diode laser absorption spectroscopy (TDLAS)
The densities of argon 1s5 (3 P2 ) metastable atoms were determined by tunable diode laser
absorption spectroscopy (TDLAS), as thoroughly described by Spiekermeier [170] and
Niermann [171]. The measurements were performed by the Institute for Experimental
Physics II Reactive Plasmas (Ruhr-Universität Bochum), within the framework of the
Transregional Collaborative Research Center TRR 87/1 (SFB-TR 87). A DL 100 L
(Toptica photonics AG, Germany) diode laser was applied for the generation of laser
radiation with a power of a few mW at 772 nm [170, 172]. As comprehensively described
in literature [170,172–174], the absolute densities of Ar* 1s5 (3 P2 ) metastable atoms were
conducted from the transmittance of the laser radiation and the Beer-Lambert law

I(ν) = I0 · exp (−kabs · nabs · labs ) .

(3.44)
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In equation (3.44), kabs denotes the absorption coefficient, labs the length of the medium,
and N the density of the absorbing medium nabs . Since the absorption coefficient is a
function of the oscillator strength fik , the density of the absorbing species was conducted
from equation (3.44) by

nabs

!
4ε0 me c Z ∞
I0 (ν)
dν ,
=
ln
fik labs e2 0
I(ν)

(3.45)

where I0 (ν) denotes the intensity without absorbing medium. Furthermore, the gas temperature was derived from the corresponding line width [170, 172].

3.1.5. Fluorescence spectroscopic vacuum ultra-violet (VUV)
diagnostics
The absolute quantification of vacuum ultra-violet (VUV) radiation in argon and oxygen plasmas was reported by Iglesias et al [175]. The VUV radiation was determined
by measuring the fluorescence emission of a sodium salicylate layer placed in a detector
housing at the substrate cage, as schematically shown in figure 3.5. Photons originating
≤ 350 nm that impinged on the sodium salicylate layer produce a fluorescence emission.
The fluorescence band appeared in the visible area between 350 nm and 550 nm [175].
The quantum efficiency of sodium salicylate is assumed to be constant between 50 nm
and 350 nm within a confidence interval of 15% [176, 177].

PMT
PMT filter
Ampere-meter

optical fiber
optical fiber

substrate
holder

glass tube

filter

mesh
line of sight
plasma

detector

substrate
holder

sodium salycilate

sodium
salicylate
layer

Figure 3.5.: Schematical illustration of the sodium salicylate detector housing and
the position inside the chamber. Adapted from [175].
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The contribution of different spectral VUV bands to the fluorescence emission was distinguished by the application of cut-off filters defining the corresponding wavelength
range [175]. Namely, (i) a magnesium floride (MgF2 , Korth Kristalle GmbH, Germany,
66% transmission at 122 nm) filter defined the range > 112 nm, (ii) a quartz (M235,
Heraeeus Quarzglas GmbH, Germany) filter defined the band > 225 nm, and (iii) a
long-pass filter (ZUL0325, Asahi Spectra, Japan) was used as a background filter for
> 325 nm [175]. Therefore, the combination of the applied filters defined the spectral
bands: (i) λ < 112 nm (no filter ↔ MgF2 ), (ii) 112 nm ≤ λ < 225 nm (MgF2 ↔ quartz),
and (iii) 225 nm ≤ λ < 325 nm (quartz ↔ background filter), as reported by Iglesias et
al [175].
The fluorescence emission from the sodium salicylate layer was acquired by a photomultiplier tube (PMT) through an optic fiber attached to the detector housing (cf. figure 3.5).
Background emission was considered and an absolute calibration was performed. The
latter was accomplished by measuring the spectrally integrated photon emission from the
plasma between 225 nm and 325 nm with the absolutely calibrated echelle spectrometer.
This led to a calibration factor connecting the PMT signal with the absolute photon
flux. Due to the constant quantum efficiency of sodium salicylate, this calibration could
be applied to all considered spectral bands [175]. The detailed calibration procedure
can be found in the work of Iglesias et al [175]. Thereby, the absolute flux of photons
(phot. s−1 m−2 ) in the distinguished wavelength ranges impinging on the sample could be
determined by three independent sodium salicylate detectors positioned at the substrate
holder, as schematically shown for two detectors in figure 3.5.
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3.2. Thin film analysis
3.2.1. Measurement of Oxygen Transmission Rate (OTR)
The Oxygen Transmission Rate (OTR) was measured applying the carrier gas method
in a Mocon OX-TRAN 2/61 (Mocon Inc., Minneapolis, USA), according to DIN 53380-3
and ASTM D3985-81. All measurements were performed for a sample area of 10 cm2 .
The temperature was varied between 23 ◦ C and 50 ◦ C. However, a temperature of 23 ◦ C
was used, unless noted differently. The relative humidity was kept constant at 0 %. At
least three measurements were considered for each sample. According to Steves [57], the
barrier improvement factor (BIF) was defined by the ratio of the OTR of a bare substrate
to the OTR of a coated substrate.

3.2.2. Permeation mechanisms
The oxygen transmission rate is a function of ambient temperature. The permeation can
be described by a temperature dependent diffusion model (Arrhenius model) which
was elaborately discussed in literature [4, 178]. Therefore, for a detailed description of
the diffusion model, it is referred to literature [4, 59, 178]. The distinction of different
permeation mechanisms was based on the Knudsen number Kn [4, 178]

Kn =

λf
.
dp

(3.46)

In equation (3.46) λf denotes the mean free path of a permeate and dp the diameter of a
defect or pore. Therefore, the size of defects or pores influences the Knudsen number.
As will be discussed in section 3.2.9, defects of different size are usually distinguished as
follows: (i) dislocations or holes on the atomic scale in the structure of the film, usually
referred to as lattice defects (0.1 nm to 0.3 nm), (ii) nano-defects (0.3 nm to 1.0 nm),
(iii) macro-defects (> 1 nm) [32, 112]. According to Kirchheim et al [178] the Knudsen
number is Kn  1 for defects with a diameter of several hundreds of nanometers. In this
case, the pore or defect diameter is large enough to rather result in a collision between
permeant molecules or atoms than in a collision between a permeating particle and the
wall of the defect. Therefore, the diffusion is driven by free diffusion corresponding to a
diffusion coefficient Dfd of [4, 178]
T 2.5
,
Dfd ∝
T + CSu

(3.47)

with CSu denoting the Sutherland constant, and T the ambient temperature. Defects
with a diameter in the range of a few tens of nanometers exhibit a Knudsen number
of Kn ≈ 1. In this case, collisions between permeate molecules or atoms and the wall of
the defect are more likely and the diffusion is driven by Knudsen diffusion, described by
diffusion coefficient DKn [4, 178]
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DKn ∝

√
T .

(3.48)

For even smaller defects or pores, the Knudsen number is Kn  1 and the diffusion
of permeant molecules or atoms is governed by solid body diffusion, i.e., the diffusion
through the molecular lattice or structure. The corresponding diffusion coefficient Dsb is
described by the Arrhenius equation
EA
Dsb ∝ exp −
RA · T




.

(3.49)

In equation (3.49) the activation energy for permeation is described as EA and the gas
constant as RA .

3.2.3. Adhesion analyzer
The adhesion, i.e., the bond strength between a polymeric substrate and the deposited
coating, was analyzed by pull-off tests. An adhesion analyzer (LUMiFrac, LUM GmbH,
Berlin, Germany) was used for pulls-off tests according to DIN EN ISO 4624 at the
Institute of Plastics Processing (IKV, RWTH Aachen University), within the framework
of the Transregional Collaborative Research Center TRR 87/1 (SFB-TR 87). Test rods
were glued to the coated side of the samples exhibiting an adhesive area of 78.54 mm [160].
The test rods served as a weight offering a defined mass of 20.13 g [160]. The compounds
consisting of test rod and sample were then accelerated in a centrifuge. Thereby, the load
on the sample was increased by 5 Ns−1 [160]. The adhesion, i.e., the bond strength, was
derived from the force present when fracture at the interface between polymeric substrate
and coating occurs. For each set of investigated parameters, six samples were analyzed
leading to the confidence interval with respect to standard deviations.

3.2.4. Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy (SEM) was carried out by a secondary electron detector
in a JSM-6510 QSEM (JEOL GmbH, Eiching, Germany), under incidence of a 10 kV
electron beam. Before SEM imaging was performed, all samples were prepared by the
deposition of a thin gold coating to avoid charging. The gold coating had a thickness of
approximately 5 nm. Additionally, the gold covered surface of the samples was connected
to ground via copper tape.

3.2.5. X-ray Photoelectron Spectroscopy (XPS)
For the characterization of surface chemistry, X-ray Photoelectron Spectroscopy (XPS)
was used. XPS is based on the photoelectric effect induced by x-ray irradiation, and
usually, performed in ultra-high vacuum (10−6 to 10−7 Pa). Typically, x-rays are produced by accelerating electrons to energies of 15 kV, which impinge on an anode, e.g., an
aluminum anode. Thereby, x-rays are generated by excitation and subsequent radiative
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relaxation processes in core levels of Al atoms. A monochromator is used to select the
photons emitted by the Al Kα transition with an energy of 1486.6 eV. Then, these photons
are used to irradiate samples. Depending on the substrate material, these x-rays have a
penetration depth in the range of 1 to 10 µm [179]. As shown in figure 3.6, absorption of
such photons causes photoelectric emission of electrons, so called photoelectrons. However, the mean free path of photoelectrons within the sample is significantly smaller than
for x-ray photons [179]. Hence, electrons leaving the surface originate from the first few
nanometers beneath the sample surface. The kinetic energy of photo electrons Ekin is
given by [179–181]:
Ekin = hν − EBE − φs .

(3.50)

The photon energy Ephot is denoted as hν, the binding energy of the electron in its initial orbital as EBE , and φs denotes the work function of the XPS. Therefore, the initial
binding energy is ascertainable by measuring the kinetic energy of emitted photo electrons for a given photon energy (cf. figure 3.6). Furthermore, the chemical composition
of a sample can be distinguished by XPS, as each chemical element has characteristic
core energy levels. The kinetic energy of photo electrons is dominantly determined by
the core energy levels they originate from. The corresponding kinetic energy is typically
measured by a spherical capacitor type energy analyzer, allowing electrons with specific
energy to pass and to impinge on a detector [180, 181]. This so-called pass energy defines
the allowed energy of electrons arriving at the detector [111]. Therefore, low pass energies
are required for a high energy resolution and high pass energies are necessary for a high
intensity.
Determination of the binding energy depends on the energy reference. The reference of the
binding energy is based on the Fermi level. In conducting samples, the Fermi levels of the
spectrometer and the sample are aligned by a proper electrical contact between them, as
shown in figure 3.6. However, Fermi alignment is not achieved for non-conducting samples.
Therefore, charge correction has to be applied. Usually, a beam of Ar ions and electrons is
utilized for neutralization of non-conducting samples. Furthermore, an arbitrary binding
energy reference is selected, using the C1s core line. As the selection of a binding energy
reference is arbitrary, a great variety of charge corrections is stated in literature, i.e., the
C1s main component is shifted to binding energies between 284.4 and 285 [57, 182–187].
However, the binding energy reference depends on the given material [57, 182–187]. The
C1s peak related to adventitious carbon is commonly fixed to 284.7 eV and the binding energy of corresponding spectra is shifted accordingly [57, 188–191]. On polymeric
substrates, the binding energy of the C1s peak related to C-C bonds is usually fixed to
285 eV [33, 44, 57, 71, 192]. Hence, this was considered for all fit procedures based on corresponding literature.
In addition to the chemical composition of a sample, XPS can also reveal information
about the binding state of contained chemical elements. The characteristic core energy
levels of an element are influenced by its chemical environment, i.e., the resulting chemical bonds [179, 181]. Chemical bonds induce a variation of the chemical potential and
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Figure 3.6.: Schematic illustration of X-ray Photoelectron Spectroscopy (XPS)
based on the photo ionisation by incident x-ray photons. The photon
energy is denoted as Ephot , the binding energy as EBE and the kinetic
0
energy as Ekin and Ekin . The work function of the sample is assigned as
φsp and the one of the spectrometer as φs . Adapted from [101,179,180].

polarizability. Thus, a change in the binding energy of core electrons of a corresponding
element compared to its pure state. Therefore, the chemical shift is utilized to identify
the chemical bonds of a compound [179].

Spectrometers
Two different spectrometers were utilized for XPS analysis. First, a PHI 5000 Versaprobe
(ULVAC-PHI Inc., Japan) was used, applying a monochromatic Al Kα source with a photon energy of 1486.6 eV. Spectra on this setup were acquired at a take-off angle of 45◦ and
a spot size of 200 µm. The setup was equipped with a hemispherical analyzer. Survey
spectra were acquired at pass energies of 187.85 eV for an energy steps of 0.5 eV. Highresolution spectra of elements were recorded at a pass energy of 23.5 eV and an energy
step of 0.05 eV. This spectrometer is referred to as XPS (RUB) in the following.
Second, an Omicron ESCA+ system (Omicron NanoTechnology GmbH, Germany) was
utilized at the Research Group Technical and Macromolecular Chemistry (TMC, University of Paderborn) within the framework of the Transregional Collaborative Research
Center TRR 87/1 (SFB-TR 87). Survey spectra were recorded at pass energies of 100 eV
and high-resolution element spectra were recorded using 20 eV pass energy. This spectrometer is referred to as XPS (TMC) in the following.
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Atomic concentrations and interpretation of Si2p and C1s spectra
For charge correction and fixing the binding energy scale, the C–C/C–H component of the
C1s peak was shifted to a binding energy of 284.7 eV for coatings deposited on silicon substrates and to a binding energy of 285 eV for polymeric substrates [33, 44, 57, 71, 188–192].
The relative areas of high-resolution peaks of Si2p, O1s and C1s were used to determine
the atomic concentrations.
Fitting of Si2p spectra of silicon based coatings included spin orbit coupling for each
component, and was performed according to literature [71, 111, 183, 185, 186]. The shift
between the binding energy of Si2p 1/2 and Si2p 3/2 was fixed to 0.65 eV. Five main components were considered, representing oxidation states and silicon to carbon and hydrogen
bonds, with Si2p 3/2 peak positions constrained to ±0.1 eV: (i) Si(–O)1 at 101.3 eV, (ii)
Si(–O)2 at 102.1 eV, (iii) Si(–O)3 at 102.8 eV, (iv) Si(–O)4 at 103.2 eV, and (v) Si(–C/H)4
at 100.3 eV. For nitrogen containing coatings, component (v) could also be assigned to
(CH3 –)Si(–NH2 ). All spectra were fitted with a constant Gaussian to Lorentzian ratio
of 40%, keeping the Full Width at Half Maximum (FWHM) constant between 1 eV and
1.4 eV for all components within a sample. A generic Si2p peak fit considering different
components for an interlayer deposited in a process solely fed by HMDSO is shown in
figure 3.7 a)

a)

b)

Figure 3.7.: Curve fit (solid lines) composed of different components (dotted lines)
in a) a Si2p spectrum for a silicon based interlayer deposited by a microwave discharge solely fed with HMDSO and in b) a C1s spectrum of
polypropylene foil (TNS 30, Taghleef) treated in an microwave driven
oxygen plasma for 10 s.
The C1s peak of polypropylene was fitted under consideration of five main components,
corresponding to different binding states of carbon, i.e., carbon to carbon and carbon
to oxygen bonds [193–197]: (i) C(–C) was fixed to 285 eV, (ii) C(–OH) between 286.0
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and 286.6 eV, (iii) C(–O–C) between 286.9 and 287.2 eV, (iv) C(=O) between 287.8 and
288.0 eV and (v) (O=)C(–O) between 289.4 and 289.8 eV. A generic C1s peak fit considering different components is shown in figure 3.7 (b) for a PP foil pretreated by an oxygen
plasma for 10 s. As presented in figure 3.7, the C1s spectra showed a tail on the low
binding energy side [198]. This was attributed to inhomogeneous charging of the sample
surface, as suggested by Rjeb et al [198]. This was considered by the introduction of an
additional component between 283.8 and 284.2 eV, which was not related to a chemical
binding state [198]. A constant Gaussian to Lorentzian ratio of 30% was used for all
spectra. A FWHM between 1 eV and 1.6 eV was used for all components, respectively.

3.2.6. Fourier-transformed infrared spectroscopy (FTIR)
The chemical composition of coatings is accessible by Fourier-transformed infrared spectroscopy (FTIR). The underlying mechanism is the absorption of infrared photons by
molecules [199]. These molecules must be infrared-active, implying that they are heteronuclear and exhibit an electric dipole moment [199]. The absorption of infrared radiation results in a change of the molecular dipole, which is connected to the vibrational
and rotational states of the molecule [199]. Depending on the molecule, i.e., the mass of
involved atoms and the chemical bonds, various bending and stretching vibrations with
characteristic frequencies occur [199, 200]. The energies of vibrational or rotational states
present in typical molecules correspond to the energies of photons from the mid infrared
region between 4000 cm−1 and 400 cm−1 [200]. Therefore, the absorption of infrared photons of specific energy in an irradiated sample is related to the corresponding frequency
of a vibrational level in a molecule [200]. Hence, the absorption spectrum gives insight
in the chemical composition of a sample. Commonly, FTIR spectroscopy is based on a
Michelson interferometer and Fourier transformation of the corresponding interferogram
based on absorbance and mirror distance or respective frequency. Typically, two types
of measurements by FTIR spectroscopy are differentiated and schematically presented in
figure 3.8: a) transmission measurements, b) reflection measurements. The wavenumbers
corresponding to the molecular vibrational modes observed in this thesis are assigned in
table 3.2.

Infrared transmission absorption spectroscopy
FTIR transmission spectroscopy was performed with a Bruker Vertex 70 (Bruker Optics, Germany) with attached Hyperion 3000 microscope system on IR transmissive Si
substrates (polished, 100, 625 µm, 110-150 Ω cm, Siltronic AG, Germany). Overall, 64
scans were acquired and averaged in transmission mode (cf. figure 3.8 a)) with a spectral
resolution of 2 cm−1 for each spectrum. Measurements were performed under ambient air
conditions. Therefore, background spectra were acquired on a bare Si wafer and considered for each spectrum, respectively. Coatings under investigation were deposited without
application of a pretreatment or an additional coating, e.g., an interlayer. The thickness
of analyzed coatings was adjusted to 30 nm
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Figure 3.8.: Schematic representation of FTIR spectroscopy of coatings in a) transmission and b) reflection mode. Additionally, the electric field vectors
~ p for p-polarized light and E
~ s for s-polarized light are indicated before
E
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~ s0 ) in b). Adapted from [201, 202].
and after reflection (E
Polarization-modulated infrared reflection absorption spectroscopy (PM-IRRAS)
Due to the high sensitivity, the chemical composition of monolayers or coatings with a
thickness of a few nanometers was analyzed by polarization-modulated infrared reflection
absorption spectroscopy (PM-IRRAS) on gold surfaces at the research group Technical
and Macromolecular Chemistry (TMC, University of Paderborn) within the framework
of the SFB-TR 87. PM-IRRAS is based on the irradiation of a sample with p- and spolarized (p: parallel to plane of incidence; s: perpendicular to plane of incidence) light
at the angle of grazing incidence (approximately 80◦ ) [211]. The interaction of p- and
s-polarized light with the reflective metal surface differs. The s-polarized light exhibits
an electric field vector parallel to the surface plane. The phase shift by reflection is about
180◦ , resulting in a vanishing electric field in the surface plane [202, 211, 212]. Thus, absorption at the surface is only minor at the metal surface [202, 211, 212].
The electric field vector of the p-polarized light is directed normal to the plane of incidence.
The phase shift has a strong dependence on the angle of incidence [202, 211]. Vector
addition at different angles lead to an elliptically polarized standing wave, with significant
electric field vectors normal to the surface [202]. This effect increases the sensitivity or
absorption due to constructive interference at the surface [202, 211]. Hence, PM-IRRAS
is only sensitive for molecular vibrations with dipole moments oriented normal to the
surface, but offers a significant increase of intensity. As proposed by Buffeteau et al [211]
and Greenler [202], the absorbance Aabs can be expressed by the differential reflectivity
Rrefl :

Aabs =
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Wavenumber
(cm−1 )

Vibrational mode

Reference

800

Si−OH stretching

[59, 111, 118]

800 − 880

Si−CH3 stretching

[59, 203]

930

Si−OH stretching

[111, 118, 204]

930

Si−N stretching

[205]

1040 − 1250

Si−O−Si Longitudinal optical (LO)

[55, 58, 206]

1179

Si−N−Si stretching

[205]

1265 − 1280

Si−(CH3 )x , CH3 bending

[55, 58, 207]

2250

Si−(H) stretching

[111, 208]

2850

CH2 symmetric stretching

[55, 58, 209]

2879

CH3 symmetric stretching

[55, 58, 209]

2917

CH2 asymmetric stretching

[55, 58, 209]

2965

CH3 , C−H in-plane asymmetric stretching

[55, 58, 209]

2968

CH3 , Si−CH3 asymmetric stretching

[55, 58, 210]

Table 3.2.: IR peak positions in FTIR spectra and assigned vibrational modes

Rp and Rs denote the p- and s- polarized reflectivities of the samples.

PM-IRRAS was performed utilizing a Vertex 70 (Bruker Optics, Germany) with a resolution of 4 cm−1 . The angle of incidence was 80◦ and a ZnSe Photo-Elastic-Modulator
(PMA50, Bruker, Germany) was used for p-polarization by 50 kHz modulation of an aluminum wire grid. The reflected light was focused by a ZnSe lens and detected by a
mercury cadmium telluride (MCT) detector. All infrared spectra were acquired as an
average of 512 measurements.
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3.2.7. Atomic Force Microscopy (AFM)
The sample morphology was investigated by Atomic Force Microscopy (AFM). AFM was
applied by the Technical and Macromolecular Chemistry (TMC, University of Paderborn),
and the Insitute of Plastics Processing (IKV, RWTH Aachen University), within the
framework of the Transregional Collaborative Research Center TRR 87/1 (SFB-TR 87).
Two different AFMs were used, applying various settings and modes. Therefore, the used
AFMs and settings are referred to as:
• AFM (TMC, i): At TMC, a JPK Nanowizard II Ultra (JPK Instruments AG,
Berlin, Germany) equipped with an anti-noise and anti-vibration box was used for
measurements in air and liquid. Intermittent contact mode was used for imaging
and the scan speed was 1 µm s−1 at a scan resolution of 512 x 512 pixels. Type NSC19 (Mikromasch, Estonia) silicon cantilevers with a rectangular shape were used.
The resonance frequency was approximately 80 kHz in air and a force constant of
0.1 - 0.3 N m−1 was applied.
• AFM (TMC, ii): Force volume profiles were acquired using AFM (TMC, i). Force
profiles were determined with N-type silicon cantilevers CSC37 (Mikromasch, Estonia) with a nominal spring constant of 0.3 N m−1 and a width of 35 µm.
• AFM (TMC, iii): Imaging was carried out in AFM (TMC, i). Silicon cantilevers
of type NSC-15 (Mikromasch, Estonia) were used. The resonance frequency was
about 28 kHz in air and the force constant was 20 – 80 N m−1 .
• AFM (IKV): At IKV, AFM imaging was performed by a Dimension 3100 (Veeco
Instruments Inc., Plainview, NY, USA), using Olympus OMCL-AC200TS-R3 Micro
Cantilevers (Olympus Corporation, Tokyo, Japan). Measurements were performed
in tapping mode with a scan speed of 0.5 Hz.
In intermittent contact mode or tapping mode, the cantilever oscillates near its resonance
frequency. The amplitude is changed if the cantilever approaches the surface of a sample,
e.g., by Van der Waals forces. The cantilever is then controlled to keep the same height
above the sample to keep frequency and amplitude constant.

3.2.8. Coating thickness and deposition rates
The thickness of gas permeation barrier coatings is a crucial parameter for the resulting
barrier performance, e.g., as shown by da Silva Sobrinho et al [67]. Therefore, film thicknes
was adjusted as required. The coating thickness was determined by stylus profilometry
on silicon, as well as on polymeric substrates, and by ellipsometry on silicon substrates,
as discussed in the following. Both techniques complemented each other. Measurements
made by stylus profilometry on polymeric substrates were verified by stylus profilometry
and by ellipsometry on silicon substrates, as also proposed in literature [71, 118, 213].
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Stylus profilometry
Stylus profilometry was applied to measure the film thickness on both silicon and polymeric substrates. A Dektak 6m Stylus Profiler (Veeco Instruments Inc., USA) was used
for such measurements. The cantilever tip had a radius of 5 µm. For accurate profilometric measurements, a distinct difference in altitude from substrate to coating in the form of
a sharp edge had to be ensured. Such an edge was realized by partially applying a polyimide (Kapton, DuPont, USA) sticky tape to the surface of substrates before deposition;
therefore, preventing it from being coated. The tape was removed subsequent to the deposition, causing an edge between substrate and coating. In order to assure reproducible
measurements, films with a thickness ≥ 50 nm were produced for measurements by stylus
profilometry.

Ellipsometry
Ellipsometry is an optical technique, using polarized light for the determination of optic properties of thin transparent films, e.g., like the refractive index [214]. However,
ellipsometry is also utilized for the characterization of film thickness. High accuracy is
achieved even for thin films in the range of a few nanometers.
Ellipsometric measurements of thin films were carried out on silicon substrates in a J. A.
Woollam Vase (J. A. Woollam Co. Inc., USA) ellipsometer. The samples were irradiated
by linearly polarized light in the range between 245 and 999 nm produced by a Xenon
lamp. The linearly polarized light penetrated the thin film and was reflected from the
silicon surface. Thereby, the state of polarization was changed, resulting in an elliptic
polarization that depended on film thickness and film properties. Subsequently, the light
passing a rotating analyzer impinged on a detector, and hence, the phase difference ∆
and the amplitude ratio Ψ was determined [33]. This was compared to a model for silicon
oxide, and according fit parameters were varied by a regression analysis to diminish the
mean square error (MSE) [33]. The film thickness was derived from this comparison.

Deposition rates
The thickness dcoat of all applied coatings was adjusted by the deposition time tdep , which
was chosen according to deposition rates Rdep . These were deduced from measuring the
thickness of a certain film and dividing it by the corresponding total deposition time tdep

Rdep =

dcoat
.
tdep

(3.52)

According to Dennler et al [213, 215], a linear growth was assumed down to films in the
range of a few nanometers. Therefore, film thickness in the nm range was also adjusted
by variation of the deposition time. Statistical errors were determined by the standard
deviation of at least three measured samples.
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3.2.9. Defect diagnostics
The visualization of the defects was arranged by the technique proposed by da Silva Sobrinho et al [56]. This was based on etching the polymer surface underneath the coating
defects by reactive oxygen species and subsequent imaging with SEM [67, 112, 216–218].
Most organic polymers like PET are sensitive towards etching by reactive oxygen species
[47, 56, 112]. In contrast to this, most inorganic materials like SiOx and TiO2 are almost
chemically inert with respect to reactive oxygen species. Thus, etch rates are typically
below the detection limit [56, 112]. Hence, the inorganic barrier coating served as a mask
against etching and protected the polymer beneath [112]. Nevertheless, reactive oxygen
species like atomic oxygen (AO) were able to enter defects and etch unmasked polymer
surfaces at defect sites [57]. Due to the scattering of AO in the gas phase, etching occured
nearly isotropic, resulting in the undercutting of the barrier coating [216]. Subsequently,
a crater-like structure was formed, as schematically shown in figure 3.9. In SEM images,
this structure appeared as a dark spot in the center surrounded by a whitish circular
ring, which allowed detecting and quantification of defects with diameters > 100 nm, as
also presented in figure 3.9. Here, the dark spot represented the defect, i.e., the hole in
the barrier film. This was explained by secondary electrons that were generated at the
bottom of the hole, but were not able to reach the detector [112]. The whitish ring was
assigned to the crater-like structure, as shown in figure 3.9 [57, 112].

2,37 µm

0,1 µm

1 µm

inorganic
barrier coating

crater-like
structure
polymeric substrate
(PET)

atomic
oxygen

coating defects

Figure 3.9.: Visualization of coating defects after 1 h of oxygen etching in a capacitively coupled radio frequency (RF) plasma. Defects with a diameter
> 100 nm were detected and quantified [112].
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40 SEM images were acquired for defect analysis of each sample and at least three samples were analysed, respectively. This covered a total area of approximately 0.5 mm2 per
sample [57,112]. Error bars were calculated by the standard deviation of defect densities,
taking into account defects with diameters > 100 nm and OTR for all measured samples.
AO etching of coated SiOx films was performed in a CCP with optimized process parameters and solely fed with oxygen. A pulsed RF signal with a frequency of 13.56 MHz, a
pulse frequency of 1 kHz and a duty-cycle of 40% was used to generate the plasma at a
pressure of 20 Pa. The power dissipated in the discharge was 40 W. Thereby, an etch
rate of 1.4 µm h−1 was attained for PET and the substrate temperature remained below
the glass temperature. After 1 h of oxygen etching in the CCP, defects became visible in
the SEM images. To track the changes in defect appearance and diameter, samples were
etched up to 3 h in maximum and the exact same area was imaged by SEM for every
etch time, showing that a maximum number of defects > 100 nm was already visible after
1 h of etching [112]. Thus, for investigation of defect densities, the quantity of defects
> 100 nm was automatically counted after 1 h of etching using an image recognition software that was based on the MATLAB image processing toolbox (IPT), as introduced by
Steves [57]. When compared to manual counting, the use of aforementioned software to
detect the defects resulted in a deviation of < 10% [57, 112].

3.2.10. Film density and Si flux measurements
The mass density of coatings is a crucial parameter for the quantification of the flux of
film forming species and for various film properties, e.g., wear resistance, and conductivity [219, 220]. The mass density ρcoat was determined by measuring the volume Vcoat and
the mass mcoat of resulting films. Microscope quartz slides (BS 7011 standard, MenzelGläser,Thermo Scientific, Germany) were used as substrates. All substrates were cleaned
with isopropyl alcohol before deposition. The basal area was determined by measuring
length and width with an accuracy of ±0.05 mm. Additionally, an analytical balance ABS
120-4N (Kern & Sohn GmbH, Germany) was utilized to measure the initial mass of the
substrates msubstr. with an accuracy of ±100 µg. After deposition, the mass of the compound structure mtotal consisting of coating and substrate was measured and compared
to the mass of the bare substrate. This distinguished mcoat , the mass of the coating

mcoat = mtotal − msubstr. .

(3.53)

However, the difference between mtotal and msubstr. had to be increased to accurately estimate the contribution of mcoat relative to the total mass mtotal . This was considered by
increasing the volume of the resulting coating. Therefore, relatively large substrates with
a basal area Asubstr. of about 19.76 cm2 (length: llength ≈ 7.6 cm, width: wwidth ≈ 2.6 cm)
were used. Furthermore, the thickness of each coating was adjusted to attain 200 to
300 nm on spatial average. The thickness profiles along the substrates were measured by
stylus profilometry at equally spaced positions with a spatial resolution of 1 cm. A generic
thickness profile is shown in figure 3.10 a).
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Figure 3.10.: A generic thickness profile along the substrates is shown in a), as
measured by stylus profilometry. Deposition was performed with an
O2 /HMDSO ratio of 50 (4 sccm HMDSO, 200 sccm O2 , 25 Pa, 1500 W,
ton = 4 ms, toff = 40 ms). A Schematic view of the substrate and measurement positions for depositions applied to quantify corresponding
mass densities is shown in b). The 0-position indicates the usual sample position. Positions from −3 to 3 indicate the measurement positions for stylus profilometry, separated by 1 cm.

The 0-position corresponded to the usual sample position inside the chamber, as shown
in figure 3.10 b). The lowest position was −3 cm below, and the highest position +3 cm
above the 0-position (cf. figure 3.10 b)). Standard deviations were derived from deposition
and measurement of at least three samples per set of parameters. The mean or average
thickness of a coating was derived under consideration of all thickness measurements at
the stated positions on a sample. This average was used for the calculation of the resulting
coating volume, respectively. Therefore, the mass density ρcoat of corresponding coatings
was

ρcoat =

mcoat
,
Vcoat

(3.54)

where Vcoat = dcoat · Asubstr. , and dcoat denotes the mean coating thickness. Additionally,
the flux of incorporated Si atoms ΓSi was estimated considering the mass of the coating
mcoat , and the ratio cSiOx of Si and O atomic concentrations, as determined by XPS

cSiOx =
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CSi
.
CO

(3.55)

3.2. Thin film analysis
In equation (3.55), CSi , as well as CO denote the atomic concentrations of Si, and O.
Therefore, the number NSi of Si atoms in a coating is
NSi = cSiOx · NO ,

(3.56)

where NO denotes the number of O atoms in the coating. Additionally, NSi is expressed
as
NSi = Ntotal − NO .

(3.57)

Ntotal designates the total number of incorporated atoms in a coating. Combining equation
(3.56) and equation (3.57) yields

NSi =

Ntotal · cSiOx
.
1 + cSiOx

(3.58)

molar
Ntotal depends on the molar mass of the SiOx coating MSiO
, and NA , the Avogadro
x
constant

Ntotal = mcoat ·

NA
.
molar
MSiO
x

(3.59)

Under consideraton of the deposition time tdep , the basal area Asubstr. , as well as taking
into account equation (3.58) and equation (3.59), the effective flux of incorporated Si is

ΓSi =

NSi
mcoat · NA · cSiOx
.
=
molar
Asubstr. · tdep
Asubstr. · tdep · (1 + cSiOx ) · MSiO
x

(3.60)

Therefore, ΓSi is the number of silicon incorporated during growth of silicon oxide coatings
per time unit and unit area (s−1 m−2 ).
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3.3. Substrate materials
3.3.1. Polyethylene terephthalate (PET)
Polyethylene terephthalate (PET) is a
thermoplastic polyester. It consists of an
O
aromatic ring, as well as hydroxy and carboxyl groups, as shown in figure 3.11.
In this thesis, two kinds of polyethylene
O
O
terephthalate (PET) were used for depon
sition processes. PET plates (ES303010,
Goodfellow, Germany) with a thickness of
1 mm and an edge length of 20 mm were Figure 3.11.: Structural formula of polyethylene terephthalate (PET).
used if the coating thickness was measured
by stylus profilometry. Stylus profilometry
also revealed a root mean square surface roughness of 6.65 nm. Additionally, a coextruded, biaxially oriented (BO) PET foil (Hostaphan RD 23, Mitsubishi Polyester Film
GmbH, Wiesbaden, Germany) was used for deposition processes. This foil has a thickness
of 23 µm and on one side it contains silica anti block additives, i.e., SiO2 particles with
diameters of several micrometers. Coatings were applied on the side without anti block
particles, as they are known to govern the formation of defects in thin films; therefore,
limiting the achieved barrier performance [33, 57]. The chosen side has a surface roughPET
= 0.7 nm. Furthermore, pristine PET foils exhibit an
ness (root means squared) of RRMS
3
oxygen transmission rate of (75.3 ± 0.6) mcm
2 day . A detailed analysis of the used PET foil
can be found elsewhere [33, 45, 57, 106]. To eliminate effects caused by any other than
a plasma treatment, all PET samples were introduced into the plasma chamber without
previous cleaning or rinsing.
O

3.3.2. Polypropylene (PP)
Polypropylene (PP) is an aliphatic, partially crystalline thermoplastic [106]. It
consists of a carbon backbone, saturated
CH3
with methyl groups and hydrogen, as
shown in figure 3.12.
A coextruded,
biaxially oriented polypropylene (BOPP)
foil (TNS30, Taghleef Industries L.L.C.,
n
Dubai) was used as substrate. This PP foil
has a thickness of 28.6 µm ± 0.7 µm [106]
Figure 3.12.: Structural formula of polymer
and anti block particles are present on both
polypropylene (PP).
sides. However, one side is flame treated,
improving printability and coatability in
industrial processing. Usually, coatings were applied to the untreated side of the PP
foil, unless otherwise stated.
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An AFM (IKV) image of an untreated,
pristine sample of the used PP foil is
shown in figure 3.13, presenting the biaxially oriented polymer chains.
The
PP foil has a surface roughness (root
PP
= 3.5 nm and
mean squared) of RRMS
3
it exhibits an OTR of (1203 ± 46) mcm
2 day .
All PP samples were introduced into
the plasma chamber without previous
cleaning or rinsing, to eliminate effects
caused by any other than a plasma treatment.

0 µm

1

2

3

4

0

34.3 nm

30.0
1
25.0

2

20.0

15.0
3
10.0
4
5.0

A XPS survey spectra of pristine PP foil
0.0
is shown in figure 3.14 a). As expected,
the XPS survey spectra of the pristine PP
Figure 3.13.: AFM (IKV) image of a
solely revealed a C1s peak. This is due to
pristine, untreated PP foil
the fact, that PP merely consists of hydro(TNS30, Taghleef Industries
carbons. However, PP is sensitive to aging
L.L.C., Dubai).
effects, as reported in literature [187, 221].
This usually leads to the formation of functional groups by oxidation, e.g., hydroxy groups, carboxyl groups, and aldehyde groups.
Notably, an oxygen incorporation was not detected in the XPS survey spectra (cf. figure
3.14 a)). This was supported by high-resolution spectra of the C1s peak. Fitting of the
C1s peak shown in figure 3.14 b) was applied according to section 3.2.5. The only component assigned to a chemical binding state was the one for carbon to carbon bonds at
285 eV. However, the component regarding inhomogeneous charging was also considered.
Additional information of the used PP TNS 30 foil were reported by Behm [106].

a)

b)

Figure 3.14.: a) XPS survey spectra and b) C1s curve fit of pristine PP foil (TNS30).
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Spin-coated polypropylene (scPP)
In addition to PP foil, spin-coated polypropylene (scPP) was used. Spin coating is an
established technique to produce polymeric thin films, like PP, on planar substrates
[222, 223]. First, the polymer is dissolved by a solvent. Subsequently, the solution is
deposited in the center of the substrate, which is already rotating or which is then accelerated to a certain rotation speed [222, 223]. The centrifugal force in combination with
the hydrodynamic forces lead to a flattening, and finally, to a plane film [222, 223]. The
coating gets thinner, until an equilibrium thickness is reached or the volatile solvent evaporates and the polymeric coating steadily becomes solid [223]. Additionally, a subsequent
thinning is caused in a drying process by further evaporation of the volatile solvent [222].
The result is a homogeneous, thin, polymeric coating with a thickness in the range of
several tens of nanometers up to several micrometers. Under assumption of a complete
evaporation of the solvent, a pure PP polymer film can be deposited. A polymer is defined as solely consisting of macromolecules based on the used monomer [224]. This is in
contradiction to industrial plastic foils, which contain various additives to influence processing and different properties of the plastic, e.g., anti block particles or chemical active
additives [33, 57]. Therefore, the effect of additives was excluded by utilizing spin-coated
PP.
Spin-coated PP was deposited on polished Si wafers (100) at the Research Group Technical
and Macromolecular Chemistry (TMC, University of Paderborn) within the framework
of the Transregional Collaborative Research Center TRR 87/1 (SFB-TR 87). 200 ml
xylene was used to dissolve 1.6 g of PP. The solution was heated to 50◦ C and deposited
on the substrate, rotating at 3000 rpm. One layer of spin-coated PP had a thickness of
about 35 nm. Five consecutive spin coatings were applied achieving a higher thickness,
if desirable. The combination of five consecutive spin coatings resulted in a thickness
of approximately 170 nm. The surface roughness of one layer of spin-coated PP was
0.7 nm considering an area of 1 x 1 µm. Considering the same area, a spin-coated PP film
consisting of five layers exhibited a surface roughness of 6.7 nm.

3.3.3. Self assembled monolayers (SAMs)
Organic molecules contained in solutions or in the gas phase can adsorb on suitable
surfaces and form assemblies [225]. The chemical functionality of the head group of
organic molecules is decisive for the probability to adsorb on a surface by chemisorption.
In particular, the chemical functionality of thiols exhibit a high affinity to adsorb on
the surface of noble metals, forming monomolecular layers [225, 226]. A spontaneous
self organisation of adsorbates occurs due to thermodynamically driven processes [227].
Thereby, the molecules arrange to minimize the free energy, which leads to geometrically
ordered assemblies in suitable conformations [225]. These assemblies are stabilized by
the support of van der Waals interactions [225–227]. The monomolecular layers forming
by adsorbtion and subsequent self-assembly of surface active molecules are referred to as
self assembled monolayers (SAMs) [225, 226]. Therefore, the surface chemistry can be
adjusted by utilizing organic molecules with different functional groups.
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Octadecanethiol (ODT)-SAMs
A common substance for the application of self-assembled monolayers is octadecanethiol
(ODT) [212, 227–229]. The thiol headgroup has an affinity to attach to noble metal surfaces like gold. A cleavage of the S−H bond accompanies chemisorption at the surface
(cf. figure 3.15) [230]. Apart from the thiol headgroup, ODT consists of a hydrocarbon
backbone and the functional terminal group at the end of the hydrocarbon chain is a
methyl group, as shown in figure 3.15. Therefore, octadecanethiol self assembled monolayers (ODT-SAMs) were used as sensor layers, i.e., as model substrates, which mimicked
an aliphatic polymer such as PP.
functional terminal:
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Figure 3.15.: Schematic illustration of ODT-SAMs deposited on a gold layer.
ODT-SAMs were prepared on gold coated silicon at the Research Group Technical and
Macromolecular Chemistry (TMC, University of Paderborn) within the framework of the
Transregional Collaborative Research Center TRR 87/1 (SFB-TR 87). ODT was dissolved
in ethanol resulting in a 1 mmol solution. The gold coated substrates were immersed in
the ODT solution for 12 to 16 h, and subsequently, rinsed by ethanol and introduced to
a stream of nitrogen for drying [58].
The resulting crystalline aliphatic ODT-SAMs have a thickness of approximately 2 nm
[58, 111]. The self-organisation and the chemical structure of ODT-SAMs results in a
characteristic infrared spectrum, based on the modes of CH2 and CH3 vibrations. The
characteristic infrared fingerprint of ODT-SAMs is shown in figure 3.16. The intensity
ratios and positions of the CH2 and CH3 peaks are related to the crystallinity and the
degree of self-organisation of the ODT-SAMs [58]. According to literature, the CH2 peak
corresponding to asymmetric stretching is located at 2917 cm−1 [58,209]. This indicates an
all-trans conformation of the CH2 peak [58,231]. A degradation of the chemical structure
or a degradation of the degree of order results in a shift towards higher wavenumbers
[58, 111, 231]. Therefore, the infrared spectra of ODT-SAMs consisting of CH2 and CH3
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CH2 asymm. stretch.
-1
(2917 cm )
CH3 asymm.
strech.
(2965 cm-1)

CH2 symm. stretch.
-1
(2850 cm )
CH3 symm.
strech.
(2879 cm-1)

Figure 3.16.: Characteristic IR spectrum of ODT-SAMs measured by PM-IRRAS in
the range of 3000 cm−1 to 2800 cm−1 . The ODT-SAMs were deposited
on a gold layer.
peaks are sensitive to changes in the alkyl backbone of the ODT-SAMs and to the degree
of self-organisation. A corresponding change of anything in the ODT-SAMs modifies the
ratio of CH2 to CH3 peak intensities and leads to a shift of according peaks [58, 111, 209].
Therefore, ODT-SAMs were used as sensor layers, tracking the interfacial changes such
as oxidative degradation, induced by the plasma during deposition processes.
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Polymers are applied in many fields, like food packaging, flexible solar cells and the encapsulation of microelectronics [6,7]. However, polymers usually exhibit low surface energies.
Thus, low wettability and adhesion of deposited films are the result [44–46]. Plasma pretreatments are applied to increase the wettability for printing and gluing applications or
to improve the adhesion of deposited coatings [44, 45, 47, 48]. Etching effects, the formation of polar groups, and dangling bonds, as well as an impact on the morphology were
reported in literature [44, 45, 47, 49–53]. Bahre et al [45] reported the influence of argon
and oxygen plasma pretreatments on the topography and the performance of subsequently
deposited silicon oxide barrier films on PET. It was stated that a plasma pretreatment in
the range of 1 s to 10 s can increase the barrier performance by a factor of 5 [45]. Besides a
pretreatment, etching and redeposition of organic etch products during the initial stages
of film deposition may result in an organosilicon interphase layer, as discussed in section
2.1.1 [54–56]. However, etching of the substrate can be prevented by the application of
a polysiloxane-like (SiOx Cy Hz ) interlayer prior to the deposition of a silicon oxide (SiOx )
film [57]. Steves [57] transferred the silicon oxide barrier coating process to PP, stating
the necessity of a thicker organosilicon interlayer and a skipped pretreatment to obtain
a substantial barrier improvement. However, additives, crystallinity, and orientation of
the polymer can influence the requirement of a pretreatment [44, 45, 53]. Behm et al [44]
investigated the effect of a plasma pretreatment on the adhesion of silicon oxide barrier
coatings on PP as a function of absolute argon and oxygen ion fluences. However, a
correlation between absolute fluxes of a more thorough set of plasma species (ions, VUV
photons, Ar metastables, oxygen atoms) impinging during a pretreatment of PP and the
effect on the performance of silicon oxide barrier coatings and a detailed chemical analysis
has not been reported yet.
Therefore, the pretreatment of PP TNS 30 foil by argon and oxygen plasmas and the effect
on the subsequent deposition of silicon oxide barrier films was investigated. The duration
of the pretreatment was varied between 1 s and 30 s. The different pretreatment durations
resulted in varying fluences of particles impinging onto the surface plasma exposure. The
absolute fluences of argon, and oxygen ions, as well as fluences of neutral oxygen atoms,
VUV photons, and Ar metastables were conducted from VUV diagnostics, OES, TDLAS,
and Langmuir probe measurements. Determined plasma parameters corresponded well
to a global model [232]. The determined fluences were then related to the number of PP
monomers at the surface of the foil. Furthermore, the resulting fluences were correlated
to changes at the polymer interface. Therefore, morphological, and chemical properties
of the polymer interface were analyzed. The OTR of applied films was determined by
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permeation measurements. The morphology of the PP surface was investigated by AFM
and the surface chemistry by XPS.
Besides the plasma pretreatment, etching of the substrate caused during the initial steps of
silicon oxide (SiOx ) deposition can be prevented by previous application of a polysiloxanelike (SiOx Cy Hz ) interlayer [57]. Knowledge about the interfacial changes induced during
the first moments of oxygen diluted deposition processes is important to clarify the function of corresponding interlayers. Since information of the interfacial region is not attainable after deposition, the degradation of the interface was investigated by utilizing model
substrates, i.e., ODT-SAMs. Due to its chemical structure those ODT-SAMs mimicked
an aliphatic polymer, like PP. These model substrates were coated with organosilicon interlayers and barrier layers, as well as with combinations of interlayers and barrier layers.
Therefore, the samples consisting of ODT-SAMs and coatings were examined by FTIR
spectroscopy tracking the interfacial changes and the effect on the chemical structure of
applied coatings to reveal the function of interlayers. Additionally, silicon based coatings
were deposited on ODT-SAMs employing varying oxygen admixtures to investigate the
oxidative degradation as a function of impinging atomic oxygen fluences.
The following sections are partially based on a scientific paper published as first and
corresponding author in Plasma Processes and Polymers [55]. The author of the present
thesis performed planning, interpretation, as well as discussion of all data included in the
following sections, and executed the majority of experiments. The following measurements
were acquired by co-authors:
• Christian Hoppe (TMC, University of Paderborn): ODT-SAMs, PM-IRRAS.
• Enrique Iglesias (AEPT, Ruhr-Universität Bochum): VUV measurements
• Jan Dietrich (TMC, University of Paderborn): ODT-SAMs, PM-IRRAS.
• Marion Depta (AEPT, Ruhr-Universität Bochum): partially OTR, and defect densities within the scope of a master thesis [233].
• Montgomery Jaritz (IKV, RWTH Aachen University): AFM
• Stefan Spiekermeier (Experimental Physics 2, Ruhr-Universität Bochum): TDLAS

4.1. Plasma petreatment of PP
The PP TNS 30 foil was pretreated by argon and oxygen plasmas (25 Pa, 200 sccm,
1500 W, 4 ms on time, 40 ms off time), and subsequently, coated by an organosilicon interlayer (process solely fed by HMDSO, as listed in table 4.1) with a thickness of 30 nm,
and by a barrier layer (O2 /HMDSO=200, as listed in table 4.1) with a thickness of 17 nm.
The duration of the pretreatment was varied between 1 s and 30 s. The different pretreatment durations resulted in varying fluences of particles impinging onto the surface
during pretreatment. The barrier performance of applied coatings was determined by
OTR measurements as a function of the pretreatment process including impinging ion,
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neutral and photon fluences relative to the areal number of PP monomer units, as shown
in figure 3.12. Furthermore, the morphological and chemical structure of the PP surface
was analyzed by XPS and AFM.

4.1.1. Determination of absolute fluences of ions, neutrals and
photons
The flux of ions Γi was estimated as Bohm flux
s

Γi = ne,s

kB · Te
,
Mi

(4.1)

with Mi denoting the ion mass, Te the electron temperature, and ne,s denoting the electron
density at the sheath edge. Considering the Boltzmann relation, as described in literature [100, 234], the electron density in the plasma bulk drops by 0.61 to the sheath edge
(ne,s = 0.61 · ne ). The electron density and temperature were determined by Langmuir
probe measurements in the argon and oxygen plasmas utilized for pretreatment processes,
respectively. However, oxygen plasmas driven by high power are electronegative [44]. The
fraction of negative oxygen ions was considered according to Corr et al [235] to be [44]

α=

n−
i
≈ 0.1 .
ne

(4.2)

In equation (4.2), the negative ion density is denoted as n−
i . The ratio of electron temperature (Te = 1.5 eV) and the temperature of negative ions (Ti− ≈ 0.1 eV as reported in
literature for similar conditions [44, 236]) is described as

γ=

Te
≈ 15 .
Ti−

(4.3)

Therefore, the flux of positive oxygen ions in an oxygen plasma is estimated as proposed
by Sheridan et al [237]
s

ΓO+ = ne,s

kB · Te
α
1+
Mi
γ

!

.

(4.4)

The ion fluences Φi were then determined by considering the absolute deposition time tdep
Φi = Γi · tdep .

(4.5)

Γi denotes the flux of Ar+ (equation (4.1)) or O+ (equation (4.4)) ions. Different mechanisms influence the energy impinging onto the surface of the substrate. For instance,
plasma radiation, incident neutral species, and ions, as well as corresponding heating
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effects, and kinetic and potential recombination energies could contribute to the energy
flux [238]. However, at sheath potentials differing from the floating potential, the effect of
recombination energy was insignificant [238]. The kinetic energies of positive Ar+ and O+
ions were estimated by the potential drop between the plasma potential, as determined by
Langmuir probe meausurements, and ground potential at the substrate holder. Therefore, Ar ions gained an energy of 9.8 eV and O ions an energy of 6.7 eV. The AO fluence
was determined by considering the absolute deposition time tdep for each process and
using equation (3.22) for the flux ΓO of atomic oxygen
ΦO = ΓO · tdep .

(4.6)

The atomic oxygen density and the gas temperature necessary for the estimation of the
flux of oxygen atoms was determined by OES. The flux of Ar* 1s5 (3 P2 ) metastables was
determined by [174]
1
ΓAr∗ = nAr∗ ν̄Ar∗ .
4

(4.7)

Considering an average metastables temperature of T̄Ar∗ = 541 K, determined by TDLAS, and assuming a Maxwellian distribution, the mean particle speed was designated
as ν̄Ar∗ . Additionally, a metastable density of nAr∗ = 1.8·1016 m−3 was determined by TDLAS, as described in section 3.1.4. The fluence ΦAr∗ of Ar metastables carrying an energy
of 11.55 eV [174] was then determined analogously to equation (4.5) and equation (4.6).
The fluence Φphot. of impinging VUV photons for wavelengths (i) λ < 112 nm (> 11.1 eV),
(ii) 112 nm ≤ λ < 225 nm (> 5.5 eV), and (iii) 225 nm ≤ λ < 325 nm (> 3.8 eV) was determined as discussed by Iglesias et al [175] with the VUV detectors described in section
3.1.5. The energy carried by the photons was estimated by the lowest possible energy
within the corresponding wavelength band.
The fluences of ions, neutrals, and VUV photons were related to the number of PP
monomer units (C3 H6 ) at the surface. Considering a mass density of 0.91 cmg 3 [239],
the areal density NPP of PP monomer units at the surface was estimated to be NPP =
3.9 · 1023 m−2 .

4.1.2. Effect on oxygen transmission rate
Figure 4.1 shows the OTRs of barrier coatings deposited on PP TNS30 after varying
pretreatments with oxygen and argon plasmas as a function of fluences of impinging:
positive argon and oxygen ions, Ar∗ 1s5 (3 P2 ) metastables, oxygen atoms, VUV photons,
and the total fluence of impinging species. Fluences are presented relative to the number
of PP monomers at the surface. However, in an Ar plasma, Ar ions, Ar∗ metastables,
and generated VUV photons simultaneously impinged the surface. The same applies for
O+ ions, oxygen atoms and emitted VUV photons in an oxygen plasma for pretreatment.
Therefore, the combination of all impinging particles in argon and oxygen plasmas for
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pretreatment of the PP foil resulted in a single effect on the OTR of an applied barrier
coating, respectively.
In figure 4.1 a), the OTR is shown as a function of positive argon and oxygen ion fluences
impinging onto the surface during pretreatment in relation to the PP monomer units at
the surface. Independent of applying an oxygen or argon pretreatment, the OTR de3
cm3
clined from approximately 30 mcm
2 day to 18 m2 day for increasing fluences, i.e., for increasing
durations of the pretreatment. After reaching a minimum, the OTR started to increase
again in case of a pretreatment by an argon plasma, as well as by an oxygen plasma.
3
The application of an argon pretreatment caused the OTR to increase up to 77 mcm
2 day , as
shown in figure 4.1. On the contrary, an oxygen pretreatment resulted in an OTR rising
3
up to 30 mcm
2 day , again.
For both argon and oxygen pretreatments the minimum of the OTR was reached at comparable ion fluences. Thus, the highest barrier performance was achieved between 7 · 10−4
and 1 · 10−3 impinging ions per PP monomer, as shown in figure 4.1 a). However, both
argon ions (9.8 eV), as well as oxygen ions (6.7 eV) gained enough average energy to break
bonds of the PP monomer. The binding energies of C-C bonds and C-H bonds in PP
were stated to be 3.6 eV, and 4.3 eV, respectively [240]. In a sole argon pretreatment,
about 3 · 10−5 Ar∗ 1s5 (3 P2 ) metastables impinged onto each PP monomer when the best
barrier performance was reached, as shown in figure 4.1 b). Therefore, significantly less
metastables than argon ions reached the surface. This could be due to impurities, since
residual water, oxygen and nitrogen could lead to quenching and de-excitation of the argon metastables. Therefore, the density of Ar∗ metastables could have been significantly
reduced [241, 242]. If the Ar∗ metastables got in contact with the surface, a de-excitation
occurred releasing the potential energy into the electronic system of the PP [174]. On the
contrary, in an oxygen pretreatment a distinctly higher number of oxygen atoms impinged
on the surface, when the lowest OTR was achieved. As shown in figure 4.1 c), about 0.6
oxygen atoms reached the surface per PP monomer during pretreatment, when an OTR
3
of 19 mcm
2 day was observed after deposition of a silicon oxide based barrier coating. This
could have had a severe impact on the PP surface, since atomic oxygen is known to induce
etching of polymers [243]. In comparison to Ar∗ metastables, the number of impinging
oxygen atoms was significantly higher. However, it was reported in literature that the
etching reaction probability of oxygen is in the order of 10−4 [243, 244]. Therefore, the
fluence of oxygen atoms resulting in an etching process per PP monomer was in the same
order as the fluence of Ar∗ metastables.
Besides neutrals (AO, Ar∗ ), and ions (Ar+ , O+ ), VUV photons were simultaneously generated and concurrently impinged the surface. The OTR of applied barrier coatings is
shown in figure 4.1 d) as a function of the fluence of VUV photons generated in the argon
plasma and impinging the surface per PP monomer. For photons with a wavelength of
λ < 112 nm (> 11.1 eV) the lowest OTR was observed for 0.02 photons impinging per PP
monomer unit. Simultaneously, 0.05 photons impinged the surface per PP monomer with
a wavelength of 112 nm ≤ λ < 225 nm (> 5.5 eV), and 0.02 photons with a wavelength
of 225 nm ≤ λ < 325 nm (> 3.8 eV) resulting in the best barrier performance. As shown
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in figure 4.1 e), in oxygen plasmas for the pretreatment of the PP TNS 30 foil, between
0.01 and 0.02 photons were emitted in the three corresponding wavelength ranges, respectively, and impinged the surface per PP monomer when the lowest OTR was achieved.
Therefore, slightly less incident VUV photons were observed in oxygen plasmas. However,
all considered photons with wavelengths < 325 nm carried energies capable of breaking
bonds within PP monomers.
In figure 4.1 f), the OTR is presented as a function of the total fluence of particles, i.e.,
neutrals, ions, and VUV photons impinging onto the surface per PP monomer in oxygen
and argon plasmas, respectively. An argon pretreatment resulted in the highest barrier
performance, when 0.1 particles (Ar ions, Ar∗ metastables, VUV photons) arrived per
PP monomer. On the contrary, 0.6 particles (O ions, O atoms, VUV photons) were
observed to impinge per PP monomer at the surface in oxygen plasmas. Therefore,
significantly more particles arrived at the surface during oxygen pretreatments, which was
mainly due to the high atomic oxygen fluence. However, the etching reaction probability
of atomic oxygen in the order of 10−4 could explain why a higher number of particles
caused a pretreatment effect resulting in a comparable barrier performance of subsequently
deposited barrier coatings.

4.1.3. Effect on morphology and surface chemistry
AFM (IKV) images of the PP TNS 30 surface after oxygen and argon pretreatment revealed the changes in surface morphology. As shown in appendix B.1, the RMS roughness
remained almost constant. However, both pretreatment plasmas resulted in a degradation
of the polymer chains for pretreatments up to 30 s. This was due to ions, neutrals and
VUV photons which were capable of breaking bonds in the PP monomer. Additionally,
roughness elevations at the surface arose for pretreatments of up to 30 s. These elevations
might have been caused by additives which could have exhibited lower etch rates in argon
and oxygen plasmas in comparison to the PP chains.
The pretreatment with argon and oxygen plasmas had an effect on the surface chemistry
of the PP TNS 30 foil which was investigated by XPS. The relative area of the components fitted in the C1s peaks are shown in appendix B.2 as a function of the total fluence
of ions, neutrals and VUV photons impinging per PP monomer in argon and oxygen
pretreatments. For both argon and oxygen pretreatments the relative area of the C(-C)
components decreased from approximately 100% for no pretreatment to 81% and 83% for
30 s of argon (0.5 Ar ions, metastables, and VUV photons per PP monomer) and oxygen (3.7 O ions, atoms, and VUV photons per PP monomer) pretreatment, respectively.
The decline of the C(-C) components was in congruence with the increase of carbon to
oxygen bonds. In case of an oxygen plasma pretreatment, the rising amount of carbon
to oxygen bonds proceeded up to an impinging particle fluence of 0.6 per PP monomer.
This corresponded to the highest barrier performance. The relative area of the C(–OH)
components rose to 8%, C(–O–C) to 4%, C(=O) to 3%, and (O=)C(–O) to 2%. All
components reached a steady state afterwards. Therefore, higher fluences, i.e., longer
pretreatments, resulted in stable relative areas. Notably, the lowest OTR correlated to
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Figure 4.1.: The OTRs of barrier coatings deposited on PP TNS 30 after varying
pretreatments with oxygen and argon plasmas are shown as a function
of fluences impinging the surface during pretreatment relative to PP
monomer units at the surface for: a) positive argon and oxygen ions, b)
Ar* 1s5 (3 P2 ) metastables, c) oxygen atoms, d) VUV photons generated
in the Ar plasma, as well as e) VUV photons generated in the O2 plasma
for pretreatment, and f) the total fluence of impinging neutrals, ions,
and photons in argon and oxygen pretreatments.
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the steady state achieved for carbon to oxygen bonds. Overall, a significant incorporation
of oxygen bonds into the PP TNS 30 foil was observed for an oxygen pretreatment. This
was in accordance with literature stating similar behaviors [193–197].
A comparable behavior was observed for argon pretreatments. An argon pretreatment
resulted in a rising amount of carbon to oxygen bonds. The increase proceeded up to an
impinging particle fluence of 0.09 per PP monomer. The relative area of the C(–O–C)
increased to 4%, C(=O) to 4%, and (O=)C(–O) to 2%. Therefore, a steady state was
reached for a total particle fluence (O ions, atoms, VUV photons) of ≥ 0.09 impinging per
PP monomer. However, the relative area of the C(–OH) components first increased, then
declined, and increased again, as shown in appendix B.2. Notably, the argon pretreatment also led to the incorporation of carbon to oxygen bonds. This was also observed
in literature [45], and could be due to impurities (e.g. O2 , H2 O) or post oxidation processes at ambient air after bond cleavage of the PP polymer chains was caused by the
argon pretreatment. Nevertheless, the lowest OTR was reached when the steady state of
C(–O–C), C(=O), and (O=)C(–O) was reached. Therefore, the best barrier performance
was achieved, as soon as a maximal degree of oxidation was caused by the pretreatment.
However, since a prolonged pretreatment resulted in diminishing barrier performances but
not in increasing degrees of oxidation, the changes in morphology could have been the
driving force. The arising roughness elevations revealed by AFM (IKV) at the surface of
the PP foil for argon and oxygen pretreatments (appendix B.1), could have hampered the
barrier performance of subsequently deposited barrier coatings. Furthermore, the formation of a weak boundary layer could have taken place resulting in an impeded adhesion
and, therefore, in a reduced barrier performance.

4.2. Interlayers and interfacial degradation of polymers
Besides an argon or oxygen pretreatment, the initial stages of film deposition can cause the
formation of an organosilicon interphase layer due to concurrent deposition, etching and
redeposition of organic etch products at the surface of the plastic, as discussed in section
2.1.1 [54–56]. It was already reported in literature [57] that etching of the substrate can
be prevented by the application of a polysiloxane-like (SiOx Cy Hz ) interlayer prior to the
deposition of a silicon oxide (SiOx ) film. Furthermore, polysiloxane-like interlayers were
reported to promote the adhesion of silicon oxide barrier coatings on the substrate [60].
Hence, such interlayers are usually referred to as adhesion-promoting layers [55, 57–60].
However, the underlying functionality was still not clear.
Therefore, the degradation of the interface during the deposition of silicon based coatings
was investigated by utilizing model substrates, i.e., ODT-SAMs mimicking an aliphatic
polymer. Silicon oxide barrier coatings deposited by an oxygen to HMDSO ratio of 200
(process parameters are listed in table 4.1) with a thickness of 6 nm were deposited directly
onto the ODT-SAMs, and additionally, subsequent to the deposition of a polysiloxane-like
interlayer (solely produced by HMDSO, table 4.1) with a thickness of 3 nm. Furthermore,
the organosilicon interlayer with a thickness of 3 nm was also deposited solely on the ODTSAMs to compare the effect on the interface. ODT-SAMs and applied coatings were then
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analyzed by FTIR spectroscopy. Systematic investigations on the oxidative degradation
at the interface of polymeric samples were performed by the deposition of silicon based
coatings for varying oxygen to HMDSO ratios on ODT-SAMs. Subsequently, the coatings
and the model substrates were analyzed by FTIR spectroscopy, and correlated to absolute
fluences of oxygen atoms impinging the surface during deposition processes.

4.2.1. Function of interlayers
IR spectra acquired by PM-IRRAS in the range from 3050 cm−1 to 2800 cm−1 are shown
in figure 4.2 a) for (1) pristine ODT-SAMs, (2) a 3 nm thick interlayer deposited on ODTSAMs, (3) a SiOx barrier layer (O2 /HMDSO = 200) with a thickness of 6 nm deposited
on ODT-SAMs, as well as (4) the combination of an interlayer (3 nm) and a barrier layer
(6 nm) on ODT-SAMs. The asymmetric stretching of CH2 in the ODT-SAM was observed at 2918 cm−1 , CH2 stretching at 2850 cm−1 , assymetric in-plane stretching of CH3
at 2965 cm−1 , as well as CH stretching at 2878 cm−1 , and 2937 cm−1 .

a)

b)
(4)
(3)

(4)
(3)
(2)
(1)

(2)
(1)

(1)

(2)

(3)

(4)
6 nm SiOx

3 nm SiOxCyHz
ODT-SAMs
Au

3 nm SiOxCyHz
6 nm SiOx

Au

Au

Au

Figure 4.2.: PM-IRRAS spectra in the range from a) 3050 cm−1 to 2800 cm−1 ,
and b) 1400 cm−1 to 900 cm−1 for: (1) pristine ODT-SAMs, (2) 3 nm
polysiloxane-like SiOx Cy Hz , (3) 6 nm SiOx , as well as (4) a sequence of
3 nm SiOx Cy Hz , and 6 nm SiOx on ODT-SAMs, respectively. Spectra
are shifted vertically for reasons of clarity.
As shown in figure 4.2 a) (2), the deposition of a polysiloxane-like interlayer (process
solely fed with HMDSO) did not affect the characteristic spectrum of the ODT-SAMs
underneath. Thus, all peaks related to CHx vibrations appeared at the same positions in-
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dicating that the ODT-SAMs were not deteriorated [55, 58]. However, the peak assigned
to asymmetric in-plane stretching of CH3 at 2965 cm−1 showed an increased intensity.
This was due to silicon to carbon bonds present in the polysiloxane interlayer, as will be
discussed in the following section 4.2.2. On the contrary, the deposition of a barrier layer
resulted in significantly decreased peak intensities of the CHx peaks and a shift towards
higher wavenumbers. The peak assigned to asymmetric stretching of CH2 was shifted to
2923 cm−1 , as shown in figure 4.2 a) (3). The shift indicated the oxidative degradation
and the declining degree of order of the ODT SAMs, as stated in literature [55, 58, 231].
Furthermore, the decreasing intensity of the corresponding peaks showed the occurring
plasma etching of the ODT SAMs [58].

As shown in figure 4.2 a) (4), the deposition of a barrier layer on top of an organosilicon
interlayer led to a spectrum exhibiting all characteristic peaks of ODT-SAMs with comparable intensities. Notably, only a slight shift towards higher wavenumbers was present,
e.g. for the asymmetric stretching preak of CH2 to 2920 cm−1 . This indicated that the
deterioration of the ODT-SAMs was mainly prevented by the deposition of the interlayer previous to the deposition of the barrier layer. Therefore, the interlayer served as a
protection layer that protects the surface of the substrate against the impinging reactive
oxygen species in the process depositing SiOx barrier films.

IR spectra of (1) ODT-SAMs, (2) the interlayer, (3) the barrier layer, and (4) the combination of interlayer, as well as barrier layer are shown in figure 4.2 b) for wavenumbers
between 1400 cm−1 and 800 cm−1 . The ODT-SAMs did not contribute any observable
peaks (figure 4.2 b) (1)). The interlayer showed a peak around 1110 cm−1 assigned to
longitudinal optical (LO) vibration modes of Si−O−Si, and the peak at 1262 cm−1 was
assigned to the bending mode of CH3 in Si−(CH3 )x (figure 4.2 b) (2)). On the contrary,
the silicon oxide barrier layer led to a significant Si−O−Si peak at 1234 cm−1 without
showing carbon related vibrations, as shown in figure 4.2 b) (3). This indicated the high
degree of oxidation and cross-linking of the silicon oxide layer. Figure 4.2 b) (4) shows the
spectrum of a SiOx barrier layer deposited on an interlayer applied to ODT-SAMs. Again,
a significant peak assigned to Si−O−Si vibrations was observed at 1234 cm−1 . However,
a shoulder like structure was present at 1138 cm−1 . This was related to the Si−O−Si
peak of the underlying interlayer which shifted from 1110 cm−1 to 1138 cm−1 due to partial oxidation. This was also supported by the diminishing peak at 1262 cm−1 assigned
to to the bending mode of CH3 in Si−(CH3 )x , as shown in figure 4.2 b) (4). Therefore,
the interlayer acted as a scavenger for reactive oxygen species oxidizing the interlayer,
and thereby, protecting the underlying ODT-SAMs [55, 58]. Hence, the formerly called
adhesion-promoting interlayers rather functioned as a protection layer. This could have
impeded the formation of a weak boundary layer. Therefore, it could have additionally
been beneficial for the adhesion of silicon oxide barrier coatings on plastics, as also stated
in literature [60].
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4.2.2. Oxidative degradation during film growth
Investigations of the oxidative degradation at the interface of polymeric samples were
combined with analysis of the plasma. The densities of neutral HMDSO molecules were
absolutely quantified by MS. Figure 4.3 shows the HMDSO densities as a function of the
oxygen to HMDSO ratio, which was varied between 0 (a process solely fed with HMDSO)
and 200. Corresponding process parameters are listed in table 4.1. The density shows a
steady decline from 2.0 · 1015 cm−3 to 1.7 · 1013 cm−3 for oxygen to HMDSO ratios rising
up to 200. The steadily decreasing HMDSO density was due to the consecutive dilution
of HMDSO with up to two orders of magnitudes more oxygen. Hence, the HMDSO density without a plasma being ignited, according to the ideal gas law with respect to the
particular gas fluxes (dashed line in figure 4.3), showed a similar behavior. The mean
depletion, however, varied between 35% and 45% and did not show a clear dependence
on the oxygen to HMDSO ratio.
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Figure 4.3.: Density of neutral HMDSO molecules determined by MS as a function
of the oxygen to HMDSO ratio. Process parameters are listed in table
4.1. The dashed line indicated the density of neutral HMDSO molecules
without a plasma being ignited, as determined by the ideal gas law.
According to equation (3.22), the atomic oxygen flux ΓO depended on the atomic oxygen
density. Both OES and MS were applied to determine the AO density in the processes
under investigation, as discussed in section 3.1.2 and 3.1.3. The atomic oxygen density
is shown in figure 4.4 depending on the oxygen to HMDSO ratio, as determined by OES
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and MS. AO densities determined by OES exhibited the lowest density of 2.2 · 1013 cm−3
for an oxygen to HMDSO ratio of 4. Rising oxygen to HMDSO ratios led to a distinct,
and steady increase to 3.3 · 1014 cm−3 at an oxygen to HMDSO ratio of 100. Subsequently,
the AO density showed a weaker increase to 4.4 · 1014 cm−3 for oxygen to HMDSO ratios
of up to 200, as shown in figure 4.4. This was in good agreement with the AO densities
observed in literature [57].
Atomic oxygen densities determined by MS for oxygen to HMDSO ratios between 25
and 200 were comparable and exhibited a similar behavior to that observed by OES, as
shown in figure 4.4. However, AO densities acquired by MS were consistently lower by
factors between 1.2 and 1.8. For instance, an AO density of 2.4 · 1014 cm−3 was observed
for an oxygen to HMDSO ratio of 200. This was presumably due to the differences in
the measurement technique attributed to MS and OES. The latter delivered a line of
sight intensity including the emission from the dense plasma in the close vicinity of the
plasmaline antenna. On the contrary, the MS entrance slit was placed at the substrate
holder, i.e., the outer edge of the discharge. Therefore, plasma species were extracted
from a plasma with comparatively low electron density. Hence, this might be the reason
that the AO density observed by MS was lower in comparison to the ones observed by OES.

Figure 4.4.: Atomic oxygen density determined by OES and MS as a function of
the oxygen to HMDSO ratio. Process parameters are listed in table
4.1. Lines serve as guide for the eye.
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However, the MS delivered significantly larger atomic oxygen densites for oxygen to
HMDSO ratios of ≤ 10. This might have been due to an increased production of CH4 ,
as also observed by Nave et al [164] for low oxygen to HMDSO ratios. Therefore, the
contribution of CH4 to the MS detector signal at 16 u grew and could not be properly
considered by the correction term introduced in section 3.1.3.

IR spectra acquired by PM-IRRAS in the range from 3050 cm−1 to 2800 cm−1 are shown
in figure 4.5 for silicon based films deposited with oxygen to HMDSO ratios between 0 (a
process solely fed with HMDSO) and 200. Corresponding process parameters are listed
in table 4.1. All deposition processes were controlled to result in a film thickness of 6 nm.
This was based on an appropriate adjustment of the deposition time according to the
deposition rates presented in figure 4.6 and table 4.1. The fluence ΦO of incident atomic
oxygen (AO) is also presented in figure 4.5 and table 4.1. The AO fluence was determined according to figure 4.6. A reference spectrum of pristine ODT-SAMs is shown in
figure 4.5 a) (1). Furthermore, figure 4.5 a) (2)-(9) shows IR spectra of coatings deposited
on ODT-SAMs and figure 4.5 b) (2)-(9) shows IR spectra of coatings deposited on Au
surfaces. Considered molecular vibrational modes and corresponding wavenumbers are
summarized in table 3.2.

The asymmetric stretching of CH2 in the ODT-SAM reference spectrum was observed at
2917 cm−1 . Coatings applied to ODT-SAMs for processes solely fed with HMDSO (figure
4.5 a) (9)), as well as for an oxygen to HMDSO ratio of 1 and 4 (figure 4.5 a) (7) &
(8)), resulted in asymmetric stretching peaks of CH2 appearing at the same wavenumber
of 2917 cm−1 . Therefore, the all-trans conformation of the alkyl chains in ODT-SAMs
stayed intact if the ODT-SAMs were coated by processes fed with oxygen to HMDSO
ratios of 0, 1 and 5 [55]. For oxygen to HMDSO ratios of 0 and 1, the intensity of the
oxygen line at 844.6 nm (O(3 P) − O(3 S)) was below detection limit. Therefore, atomic
oxygen densities and atomic oxygen fluences could not be determined. However, a process
fed with an oxygen to HMDSO ratio of 5 exhibited an incident atomic oxygen fluence of
6.0 · 1021 m−2 . Thus, atomic oxygen fluences less than or equal to 6.0 · 1021 m−2 did not
deteriorate the interface of the model substrates (cf. figure 4.5 a) (7)) [55]. The peak
assigned to asymmetric in-plane stretching of C−H in CH3 was found at 2965 cm−1 . In
comparison to the ODT-SAM reference spectrum, the intensity of this CH3 peak showed
a significant increase for oxygen to HMDSO ratios between 0 and 5. This was due to the
contribution of CH3 vibrations in Si−CH3 which appeared at the same wavenumber. As
shown for coatings deposited on gold in figure 4.5 b), those vibrations were observed due
to incorporation of Si−CH3 . Since the CH3 peak intensity originating from Si−CH3 was
related to the carbon content in the film, the highest contribution was observed for coatings deposited without admixture of oxygen (cf. figure 4.5 b) (9)) [55]. This corresponds
to the highest CH3 intensity for coatings deposited on ODT-SAMs by a process solely fed
with HMDSO (cf. figure 4.5 a) (9)). Therefore, the CH3 peak originating from Si−CH3
superimposed the CH3 vibrations which arose from the signal of underlying ODT-SAMs.
The same partially applies to the peaks related to stretching vibrations of CH3 appearing
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Figure 4.5.: PM-IRRAS spectra in the range from 3050 cm−1 to 2800 cm−1 for films
(6 nm thick) deposited at various oxygen to HMDSO ratios. The substrate holder was grounded and coatings were deposited without pretreatment or previous interlayer deposition on ODT-SAMs a) and on
gold substrates b). Process parameters are listed in table 4.1. For reasons of clarity, spectra are vertically shifted. With respect to the ODTSAM reference spectrum, the position of the CHx stretching modes
are indicated by dashed lines at 2965 cm−1 , 2917 cm−1 , 2965 cm−1 and
2850 cm−1 . Figure adapted from [55].

at 2965 cm−1 and at 2850 cm−1 . However, both characteristic peaks were observable in
coatings deposited with oxygen to HMDSO ratios up to 5 on ODT-SAMs.
Increasing the oxygen to HMDSO ratio in applied processes resulted in a rise of the
atomic oxygen fluence. An oxygen to HMDSO ratio of 10 led to an atomic oxygen fluence
of 1.0 · 1022 m−2 . As shown in figure 4.5 a), exposing the ODT-SAMs to this AO fluence
caused the CHx vibrational modes related to ODT-SAMs to slightly shift towards higher
wavenumbers. The CH3 asymmetric stretching peak shifts to 2968 cm−1 and the one related to asymmetric stretching of CH2 shifts to 2919 cm−1 . As shown in figure 4.5 b) (6)
for coatings deposited on Au, the deposited film only negligibly contributes to the CH2
asymmetric stretching peak. Furthermore, the symmetric stretching of CH3 almost van-
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Figure 4.6.: Deposition rates for processes with varying oxygen to HMDSO ratios.
The corresponding atomic oxygen fluences are noted. The solid line
serves as guide for the eye.
ishes and might be shifted to 2886 cm−1 . The CH3 peak according to symmetric stretching
shifts to 2852 cm−1 . As reported in literature [55, 58, 231], the shift of ODT-SAM related
CHx vibrational modes indicated a degradation and a remission of the degree of order of
coated ODT-SAMs. Additionally, a slight decrease of the total intensities of characteristic peaks was observed, confirming the oxidatively degrading interface. Therefore, an
incident atomic oxygen fluence of 1.0 · 1022 m−2 (cf. figure 4.5 a) & b) (6)) during the
deposition caused an oxidative deterioration. However, considering that the acquired IR
spectra is averaged over an area, the deterioration of the ODT-SAMs was supposedly low
at an atomic oxygen fluence of 1.0 · 1022 m−2 (O2 /HMDSO=10) [55].
Increasing the oxygen to HMDSO ratio to 25 resulted in an incident atomic oxygen fluence
of 5.8 · 1022 m−2 . As shown in figure 4.5 a) (5), the total intensity of the characteristic
CHx vibrational modes decreased and the corresponding shift towards higher wavenumbers was intensified. Both indicated the increasing degree of oxidative degradation of the
1

below detection limit
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O2 /HMDSO
0
1
5
10
25
50
100
200

ΓO2
(sccm)
0
50
100
100
100
200
400
400

ΓHMDSO
(sccm)
50
50
20
10
4
4
4
2

tMW
on
(ms)
1
4
4
4
4
4
4
4

tMW
off
(ms)
250
148
124
135
143
73
37
37

P
(W)
3000
1500
1500
1500
1500
1500
1500
1500

T̄G
(K)
295
309
312
311
310
326
359
359

Rdep
(nm s−1 )
0.03
2.31
3.59
2.45
0.74
0.65
0.56
0.21

ΦO
(m−2 )
−1
−1
6.0 · 1021
1.0 · 1022
5.8 · 1022
1.8 · 1023
6.1 · 1023
2.1 · 1024

Table 4.1.: Process parameters for depositions performed by a pulsed microwave plasma
and applying different oxygen to HMDSO ratios at a pressure of 25 Pa. The
average gas temperature T̄G was considered for the calculation of the atomic
oxygen fluence. The average gas temperature was conducted from the gas
temperature TG during plasma ignition and by considering the duty-cycle.
The deposition rate R is summarized. The presented atomic oxygen fluence
was derived from equation (4.6). Based on [55].

ODT-SAMs. A further increase of the oxygen to HMDSO ratio to 50 (1.8 · 1023 m−2 ) and
100 (6.1 · 1023 m−2 ) continued this behavior. The atomic oxygen fluence of 6.1 · 1023 m−2
(O2 /HMDSO=100) caused a vanishing of the characteristic CHx stretching modes related
to ODT-SAMs. Therefore, a complete degradation of the model substrates comprising
ODT-SAMs was reached for AO fluences greater than or equal to 6.1 · 1023 m−2 . A rather
high number of oxygen atoms was necessary to cause a complete oxidative degradation.
This could have been due to the low etching reaction probability of atomic oxygen, since
this was stated to be in the order of 10−4 [243, 244].

These findings support the hypothesis of an interlayer predominantly acting as a protective layer rather than acting as an adhesion promoting layer, i.e., in terms of mimicking
glue. Since an impinging AO fluence greater than 6.0 · 1021 m−2 led to an oxidative deterioration of the ODT-SAMs, the interface of an aliphatic polymer, like PP, might also be
degraded by reactive oxygen species originating from the deposition process. Therefore,
organosilicon interlayers are applied to protect the polymeric interface against oxidative
degradation during the deposition of silicon oxide films, as previously shown in section
4.2.1 [58]. However, the conformation of the alkyl chains in ODT-SAMs remained intact
for AO fluences ≤ 6.0 · 1021 m−2 . Therefore, organosilicon interlayers might be deposited
with small admixtures of oxygen. This could be relevant for industrial scale-ups of such
processes, since the deposition rate is significantly increased (cf. figure 4.6). Im comparison to processes without admixture of oxygen, the deposition rate increases by two orders
of magnitude for processes fed with an oxygen to HMDSO ratio of 5 (cf. figure 4.6 and
table 4.1 ). Therefore, the process duration might be distinctly decreased.
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Effect of atomic oxygen fluence on the structure of silicon based coatings
IR spectra acquired by PM-IRRAS in the range from 1400 cm−1 to 900 cm−1 are shown in
figure 4.7 for silicon based films deposited with oxygen to HMDSO ratios between 0 and
200 on ODT-SAMs. The corresponding atomic oxygen fluences are also presented, respectively. ODT-SAMs did not contribute to the signal in this wavenumber range. According
to literature, the longitudinal optical (LO) vibration modes of Si−O−Si were observed
between 1080 cm−1 and 1240 cm−1 [55, 58, 206]. The CH3 bending modes in Si−(CH3 )x
appeared between 1162 cm−1 and 1178 cm−1 .

2.1 .1024 m-2

O2/HMDSO
= 200

6.1 .1023 m-2
1.8 .1023 m-2
5.8 .1022 m-2

100

1.0 .1022 m-2
6.0 .1021 m-2
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50
25
5
1
0

Figure 4.7.: PM-IRRAS spectra in the range from 1400 cm−1 to 900 cm−1 for coatings deposited on ODT-SAMs with different oxygen to HMDSO ratios.
The according atomic oxygen fluences are presented. Spectra are vertically shifted for reasons of clarity. The dashed line indicates the shift
of the Si−O−Si peak. Redrawn from [55].
For processes without the admixture of oxygen, the Si−O−Si vibrations were observed at
1081 cm−1 . Additionally, the CH3 bending mode originating from Si−(CH3 )x appeared at
1262 cm−1 . Increasing the oxygen to HMDSO ratio resulted in an rising atomic oxygen
fluence impinging on the surface during deposition (cf. table 4.1). As indicated by the
dashed line in figure 4.7, the Si−O−Si peak strongly shifted towards higher wavenumbers
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if the oxygen to HMDSO ratio was increased. For coatings deposited with an oxygen to
HMDSO ratio of 1, the Si−O−Si peak appeared at 1134 cm−1 . Furthermore, the CH3
bending mode showed a diminishing intensity and it was also shifted to 1265 cm−1 . As reported by Queeney et al. [206], the shift of the peak related to the LO Si−O−Si vibrational
modes indicated an enhanced cross-linking of the silicon oxide network in the deposited
films [55]. Comparable to the behavior of the characteristic peaks in the IR spectra of
ODT-SAMs, the shift of the peak corresponding to bending of CH3 in Si−(CH3 )x might
have additionally indicated the oxidative processes occurring in the coatings for increased
oxygen to HMDSO ratios.

Figure 4.8.: Position of the peak related to the LO vibrational modes of Si−O−Si in
the spectra of coatings deposited on ODT-SAMs with different oxygen
to HMDSO ratios and as presented in figure 4.7. The according atomic
oxygen fluences are presented. The solid line serves as guide for the
eye. Redrawn from [55].
Both peaks showed a continued, and strong shift towards higher wavenumbers for a further increase of oxygen admixture up to an oxygen to HMDSO ratio of 25. At this oxygen
admixture an incident atomic oxygen fluence of 5.8 · 1022 m−2 was present. The CH3 peak
appeared at 1278 cm−1 and following the dashed line in figure 4.7, the LO Si−O−Si peak
was observed at 1222 cm−1 . Furthermore, the intensity of the CH3 peak showed a continued decline. For higher oxygen to HMDSO ratios, i.e., higher incident atomic oxygen
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fluences, the CH3 peak vanished and the LO Si−O−Si peak shifted at lesser rate, as shown
in figure 4.7. Particularly, the shift of the LO Si−O−Si peak is presented in figure 4.8
as a function of the atomic oxygen fluence and O2 /HMDSO, showing the aforementioned
strong shift towards higher wavenumbers for oxygen to HMDSO ratios increasing from 0 to
25. Figure 4.8 also supported the statement of a flatter shift for higher oxygen admixtures.
Figure 4.7 and figure 4.8 show that the peak related to LO Si−O−Si vibrations shifted
to 1230 cm−1 for incident atomic oxygen fluences of 1.8 · 1023 m−2 (O2 /HMDSO=50). Additional increase of the oxygen admixture resulted in a plateau (cf. figure 4.8) and in a
maximum wavenumber of 1238 cm−1 . The shoulder appearing at a wavenumber around
1136 cm−1 (for O2 /HMDSO from 25 to 200) in figure 4.7 was assigned to transversal optical (TO) vibrational modes of Si−O−Si [55,245]. Incident atomic oxygen fluences greater
than or equal to 6.1 · 1023 m−2 (O2 /HMDSO=100 and 200) did not lead to a further shift
of the peak corresponding to the LO vibrational mode of Si−O−Si (cf. figure 4.7 and
figure 4.8).
Since the Si−O−Si peak shifts from 1081 cm−1 to 1238 cm−1 for the ratio of O2 /HMDSO
increasing from 0 to 100, a progressively improving cross-linking of the silicon oxide network was observed. This was in accordance with literature reporting highly cross-linked
SiOx films for high oxygen admixtures [55, 206]. As shown in figure 4.7 and figure 4.8, a
maximal cross-linking was observed for an oxygen to HMDSO ratio of 100 (6.1 · 1023 m−2 ).
A further increase of oxygen admixture did not result in an additionally improved crosslinking. Furthermore, the CH3 peak completely vanished for incident atomic oxygen
fluences larger than or equal to 6.1 · 1023 m−2 (O2 /HMDSO=100). Therefore, both the
Si−O−Si peak at 1238 cm−1 and the vanished CH3 peak indicated full oxidation of the
silicon oxide film for oxygen to HMDSO ratios from 100 on.
Figure 4.9 shows the morphology of silicon based coatings deposited on ODT-SAMs with
oxygen to HMDSO ratios of 0, 1 and 200 utilizing AFM (TMC, i). Additionally, the root
mean squared (RMS) roughness for all coatings is presented as a function of O2 /HMDSO
and corresponding atomic oxygen fluences in figure 4.10. According to figure 4.9 and
figure 4.10, the surface morphology of silicon based coatings deposited on ODT-SAMs
depended on the oxygen admixtures, i.e., the incident atomic oxygen fluences. The morphology of an organosilicon film deposited without an oxygen admixture on ODT-SAMs is
shown in figure 4.9 a). In accordance with literature [246,247], it exhibited an amorphous
polymer-like structure revealing a low RMS roughness [55]. As discussed in section 2.1.1
and as stated by Deilmann [59], large fragments of HMDSO (like Si2 OC5 H15 ) are present
in HMDSO based plasma processes even if high amounts of oxygen are admixed [55].
The organosilicon fragments can adsorb at the surface [55]. This leads to statistically
distributed cross-linking between different adsorbed fragments [55]. As a consequence, an
organosilicon film, three-dimensionally cross-linked, growths comprising a high number
of defects [55]. Therefore, a layer-by-layer growth evolves, as proposed by Dennler et
al. [54, 213]. However, increasing the oxygen admixture to yield an oxygen to HMDSO
ratio of 1 and continuing this increase to a ratio of 200 resulted in a rather granular-like
structure, as shown by AFM (TMC, i) images in figure 4.9 b) and c). Thus, the rise of
impinging atomic oxygen fluences up to 2.1 · 1024 m−2 (O2 /HMDSO=200) in maximum
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Figure 4.9.: AFM (TMC, i) images of the surface of coatings deposited on ODTSAMs with oxygen to HMDSO ratios of a) 0, b) 1 and c) 200. Redrawn
from [55].

caused a change of morphology. Under the assumption that chemisorbed HMDSO fragments underwent oxidation processes by increasing the incident atomic oxygen fluence,
the oxidation caused the formation of SiOx like structures [55]. An increase of the surface
energy of chemisorbed fragments accompanied the oxidation of the deposited fragments
along with an oxidative degradation at the interface of the organic substrate [55]. The
surface mobility of film forming species in combination with the increased surface energy
of the adsorbed fragments caused the formation of SiOx nanoparticles during nucleation
and film growth. This was governed by the surface energy reduction according to thermodynamic forces [55,248,249]. Hence, a rather granular-like structure and an island like
growth might have been dominant.
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Figure 4.10.: Root mean squared (RMS) roughness of films deposited on ODTSAMs presented as a function of oxygen to HMDSO ratio and corresponding atomic oxygen fluences. Roughness was determined from
AFM images. The solid line serves as guide for the eye. The dashed
line indicates the roughness of pristine ODT-SAMs. Redrawn from
[55].
As shown in figure 4.10, organosilicon based films deposited in processes solely fed with
HMDSO (O2 /HMDSO=0) and silica like films deposited at high incident atomic oxygen
fluences of 2.1·1024 m−2 (O2 /HMDSO=200) were observed to exhibit low RMS roughnesses
in the range of 1.0 nm to 1.5 nm. Therefore, a smooth surface morphology was the result.
Slightly higher roughnesses in the range from 1.6 nm to 2.1 nm were detected for films deposited with impinging atomic oxygen fluences between 1.0 · 1022 m−2 (O2 /HMDSO=10)
and 6.1 · 1023 m−2 (O2 /HMDSO=100). The maximal RMS roughness of 2.1 nm was observed for an oxygen to HMDSO ratio of 50 (1.8 · 1023 m−2 ). However, according to
statements in literature, a surface roughness in the range of 2.1 nm should not impede the
barrier functionality of a subsequently deposited silicon oxide barrier film [45, 55]. Therefore, deposition of an interlayer at an incident atomic oxygen fluence of 6.0 · 1021 m−2
(O2 /HMDSO=5) should be applicable considering the surface roughness [55].
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Besides plasma pretreatments and the application of organosilicon interlayers, the consecutive deposition of a barrier layer is decisive for the overall barrier performance. In
this regard, different aspects of the plasma play a role influencing the properties of the
coating. One important factor are coating defects which might limit the barrier performance. For instance, the application of barrier coatings on polymers offers a significant
improvement of barrier performance [18, 22, 34, 112]. However, residual transmission of
permeants is still reported [37, 61–63]. Comparing the diffusion through a plasma deposited silicon oxide film with a thickness of 100 nm to Fick’s diffusion through bulk
silica of the same thickness shows that the diffusion through a SiOx plasma coating is
higher by a factor of 13 [64, 112]. Typically, this is ascribed to defects inherent in PECVD coatings [32,64,65,112]. Defects of different size are usually distinguished as follows:
(i) dislocations or holes on the atomic scale in the structure of the film, usually referred
to as lattice defects (0.1 nm to 0.3 nm), (ii) nano-defects (0.3 nm to 1.0 nm), and (iii)
macro-defects (> 1 nm) [32, 112]. However, defects are also described as pores exhibiting different size. According to the International Union of Pure and Applied Chemistry
(IUPAC), the pores are characterized as follows: (i) macropores (> 50 nm), mesopores
(50 nm ≥ dp ≥ 3 nm), and different grades (super, sub, ultra, subultra) of micropores
(< 3 nm) [250, 251]. It is stated in literature, that permeation through lattice defects
is rather low, compared to the others, due to their small size [112]. However, a low
transmission of oxygen is found for nano-defects, whereas a high transmission for water
vapour [64, 112]. This is caused by the small diameter of nano-defects and the possible
condensation of water in such [64, 112]. According to literature [56, 67, 68, 216–218, 252],
macro-defects exhibiting diameters in the range from > 1 nm to µm are caused by local
surface inhomogeneities, roughness elevations, dust particles, geometric shadowing or the
formation of film stress during growth [56, 67, 68, 112, 216–218, 252]. Additives in polymeric substrates (e.g. PET and PP), like anti block particles, are existing sources for
local surface inhomogeneities causing the formation of defects [67, 112].
Coating defects with diameters presumably larger than 100 nm were visualized and quantified as described in section 3.2.9 to gain a fundamental understanding of the defect
formation regarding substrate properties and prevailing plasma parameters. Therefore,
macro-defects were observed which are referred to as defects in the following. The formation of such defects in silicon oxide barrier films was correlated to absolutely quantified
steady state atomic oxygen fluences and to the impact of a substrate bias. The atomic oxygen flux was varied by adjusting the oxygen admixture resulting in coatings with chemical
composition ranging from organosilicon to silicon oxide coatings. Defect densities were
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tracked as a function of film thickness, and barrier performance by OTR measurements.
Furthermore, the defect structure, i.e., the crater-like structure, was investigated by forcevolume mapping utilizing AFM. The defect growth during etching, the defect formation
and the size distribution were also analyzed. The investigation of defects was additionally
transferred to different coatings deposited in different plasma processes within the framework of the SFB-TR 87. Therefore, defects were quantified in amorphous hydrogenated
silicon (a-Si:H) coatings (PE-CVD, Experimental Physics II - Reactive Plasmas, RuhrUniversität Bochum), in silicon oxide coatings deposited in an industry-related reactor
(PE-CVD, Institute of Plastics Processing, RWTH Aachen University), and in titanium
dioxide films deposited by means of plasma-enhanced atomic layer deposition (PE-ALD,
Inorganic Materials Chemistry, Ruhr-Universität Bochum) [112]. Furthermore, the correlation between defect density and OTR was investigated, as well as the influence of
substrate selection on the defect formation.
The following sections are mainly based on a scientific paper published as first and corresponding author in Journal of Physics D: Applied Physics [112], and partially on a paper
published as a co-author in Journal of Physics D: Applied Physics [69]. The author of
the present thesis performed planning, interpretation, as well as discussion of all data
included in the following sections, and executed the majority of experiments. Measurements acquired, coatings deposited, and samples prepared by co-authors are listed in the
following:
• Christian Hoppe (TMC, University of Paderborn): AFM, scPP.
• Dennis Kirchheim (IKV, RWTH Aachen University): SiOx (PECVD)
• Markus Brochhagen: (Experimental Physics 2, Ruhr-Universität Bochum): a-Si:H
(PECVD).
• Max Gebhard: (IMC, Ruhr-Universität Bochum): TiO2 (PEALD).
• Montgomery Jaritz (IKV, RWTH Aachen University): SiOx (PECVD)
• Simon Steves (AEPT, Ruhr-Universität Bochum): partially defect densities.

5.1. Defect structure, formation and distribution
This section deals with the investigations on the defect structure and the film thickness. Furthermore, defect growth, distribution and a comparison of different coatings is
discussed.

5.1.1. Defect structure after etching
An AFM (TMC, ii) image of a SiOx film deposited on RD23 foil is shown in figure 5.1
a). The coating had a thickness of 2 nm and was etched for 60 min as described in section
3.2.9. The AFM (TMC, ii) image in figure 5.1 a) shows a coating defect visualized by the
etching process. Furthermore, force-displacement-curves were measured by force-volume
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mapping utilizing AFM (TMC, ii) at the three positions marked in figure 5.1 a). The corresponding force-displacement-curve for position 1 is shown in figure 5.1 b), for position
2 in c) and for position 3) in d).

421.1 nm

a)
positions:
1
2

3

0 nm

b)

SiOx on PET
position 1

approach
retract

c)

undercut SiOx
position 2

d)

etched defect / pure PET
position 3

Figure 5.1.: The height profile of a silicon oxide film, exhibiting a thickness of 2 nm,
and deposited on PET RD23, was determined by AFM (TMC, ii) and
is shown in a). The sample was etched for 60 min as described in section
3.2.9. The force-displacement-curves measured at the three positions
marked in a) are presented in b), c) and d). Adapted from [112].
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Position 2 comprises a defect free part of the SiOx film covering the PET surface. On
the contrary, position 3 is located in the center cavity of the coating defect (revealed by
etching), where the PET surface is uncovered. The corresponding force-displacementcurves are shown in figure 5.1 b) and d). The approach of the cantilever being directed
to the surface of the sample is indicated by black solid lines, respectively (cf. figure 5.1
b), c) and d)). When the cantilever approaches position 1 and 3, similar behaviors in the
corresponding force-displacement-curves (cf. figure 5.1 b) and d)) were observed. Once
the cantilever made contact with the surface of the sample, both curves showed a steep
slope of force [112]. The intense rise of force between 1.05 µm and 1.06 µm was due to
the solid surface featured by the SiOx film at position 1, shown in figure 5.1 b), and by
the PET surface in the cavity of the defect at position 3, shown in figure 5.1 d). The
cantilever retraction is indicated as dashed red lines in figure 5.1. Retraction of the cantilever from the SiOx surface (position 1) resulted in a similar slope as for the approach.
This progression indicated a nearly elastic behavior [112]. On the contrary, a hysteresis
was observed for retraction of the cantilever from the bare PET surface at position 2 (cf.
figure 5.1 d)). This behavior was caused by the formation of an indentation crater upon
approach and plastic deformation of the PET [112].
The force-displacement-curve of the cantilever approaching position 2 is shown in figure 5.1
c). In comparison to figure 5.1 b) and d), the slope of force exhibited a significantly smaller
slope upon approach. Thus, the surface retreated after the cantilever impinged. This
behavior indicated a free standing SiOx film. Therefore, an undercutting of the barrier
coating at etched defect sites was the result, which was stated in literature [56,57,112,217].
This assumption was additionally supported by a hysteresis like behavior as observed upon
retraction of the cantilever (cf. figure 5.1 c)). This was caused by cracking and deforming
of the SiOx film with a thickness of 2 nm due to the pressure induced by the approach of
the cantilever. This is in accordance with literature stating continuous, free-standing, not
island-like SiOx films at etched defect sites [56, 112, 217]. Hence, the assumption of the
crater-like defect structure exhibiting an undercut of the silicon oxide film after oxygen
etching, previously assumed by imaging of the sample [56, 112, 217], was supported by a
direct measurement of the deforming, free standing SiOx film.

5.1.2. Growth and distribution
As proposed by da Silva Sobrinho et al [67] and Steves [57], a silicon oxide film (oxygen
to HMDSO ratio of 50, according to table 4.1, without pretreatment and interlayer) with
a thickness of 25 nm on PET RD23 was incrementally etched from 60 min up to 180 min.
The diameter growth of generic defects is shown in figure 5.2 as a function of etch duration.
As suggested by Steves [57], the sample was imaged at the same location by SEM after
different etch durations, and subsequently, the defect diameters were quantified. Defect
diameter denotes the diameter of the cavity (dark spot in the center of defects).

80

5.1. Defect structure, formation and distribution

d ia m e te r ( µ m )

As shown in figure 5.2, an approximately linear behavior was observed for diameter
growth corresponding to etch times between 60 min and 180 min. Since the defect diameters were determined after exposing the sample to oxygen etching, the initial defect
diameter prior to etching was severely magnified. To derive the initial defect diameter,
da Silva Sobrinho et al [67] proposed to extrapolate the linear growth to zero etching.
Applying this to figure 5.2 deduced initial defect diameters in the range from
2.53 µm down to 0.20 µm. This is in
accordance with literature, stating ini3
tial defect diameters in the range from
0.10 µm to 1.40 µm. However, the validity of this extrapolation was limited,
2
as a linear growth at the beginning of
oxygen etching was not probable. This
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dercutting was present. Subsequently,
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the known cavity (cf. section 3.2.9)
in the center could have been formed,
Figure 5.2.: Generic evolution of defect diame- leading to an increased, and linear etch
ter in a 25 nm SiOx film, deposited rate, i.e., growth rate. This was supwith an oxygen to HMDSO ratio of ported by findings of Steves [57], who
50 (according to table 4.1, without stated that no additional defects appretreatment and interlayer) on PET peared for etch durations greater than
RD23, as a function of etch time in a 60 min, implying that defects emerged
capacitively coupled oxygen plasma. randomly after the etching process had
begun (≤ 60 min). Furthermore, defects, in terms of channels or voids,
with diameters in the range from several hundreds of nanometers to micrometers should
have been visible by SEM or AFM imaging. However, once a closed film was formed,
defects in the form of a void or a cavity in the film could not be found.
Figure 5.3 shows AFM (TMC, i) images encompassing different areas of a 2 nm thick
silicon oxide film deposited on PET. The film formed a closed layer even for a thickness of
2 nm and defects with diameters greater than several hundreds of nanometers could not
be identified (cf. figure 5.3 a), b) and c)). Therefore, the initial diameters of observed
defects were supposedly in the range of a few nanometers. However, the silicon oxide film
was observed to have a granular-like structure, as shown in figure 5.3 b) and c). The
elevation difference exceeding the film thickness was due to the morphology of the coated
substrate. Larger grain boundaries evolving, e.g., at local surface elevations, might allow
atomic oxygen to enter and to etch the polymeric substrate underneath. Additionally,
defects may appear after etching at regions where the coating exhibits higher intrinsic
stress. As shown by Behm [106], a rupture of the film might occur at crinkles on the
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Figure 5.3.: AFM (TMC, i) images of a silicon oxide coating with a thickness of
2 nm film deposited with an oxygen to HMDSO ratio of 50 (according
to table 4.1, without pretreatment and interlayer) on PET RD23 prior
to etching the sample. An area of 5 µm x 5 µm is shown in a), an area
of 1 µm x 1 µm in b), and an area of 0.6 µm x 0.6 µm in c).
substrate surface after inducing further film stress by etching. Hence, a clarification of
the origin of observed coating defects was not attainable by this technique. Particularly,
the here presented technique was suitable for investigations of coating homogeneity, as
also stated by Steves [57]. Furthermore, the impact of such defects on the barrier performance was shown in many works [56, 57, 67, 216–218]. Hence, the correlation between
defect formation and plasma as well as substrate properties is of importance.
The statistical distribution of defect diameters for a silicon oxide film (O2 /HMDSO=50,
according to table 4.1) with a thickness of 25 nm is shown in figure 5.4. Defect diameters
were determined after 60 min of oxygen etching. Figure 5.4 shows high numbers of defects
with diameters in the range from 0.2 µm to 0.9 µm and in the range from 1.2 µm to 2.9 µm.
However, the distribution of the latter was spread wider with the highest amount of defects
observed for diameters between 1.4 µm and 1.8 µm. As shown in figure 5.4, defects with
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Figure 5.4.: Distribution of the number of defects related to defect diameter in
a 25 nm SiOx film deposited with an oxygen to HMDSO ratio of 50
(according to table 4.1, without pretreatment and interlayer) on PET
RD23 after etching the sample for 60 min in a capacitively coupled oxygen plasma. Redrawn from [69].

diameters in the range from 0.2 µm to 0.9 µm were distributed with Gauss like shape
with a maximum number of defects near 0.4 µm. This is in accordance with literature,
since da Silva Sobrinho et al [67] observed a Gauss distribution with a peak value of
0.6 µm. The presented distribution of defect diameters is of significant importance for
the investigation of permeation through defects in barrier films on plastics. Hence, the
numerical simulations on the permeation of oxygen through defects by Wilski et al [69]
were based on these results.

5.1.3. Formation sites
As aforementioned, defects arise from local inhomogeneities at the surface of the substrate,
roughness elevations, dust particles, geometric shadowing or the formation of film stress
during growth [56, 67, 68, 112, 216–218, 252]. To gain insight in defect formation, SEM
images were acquired for an organosilicon SiOx Cy Hz (O2 /HMDSO=0, according to table
4.1, without pretreatment and interlayer) coating before, and after etching for 180 min in
an oxygen plasma at the exact same location. The organosilicon film was deposited on
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PET RD23 and had a thickness of 10 nm. The SEM images of the coating are shown in
figure 5.5 a) before, and b) after etching for 180 min.

Figure 5.5.: SEM images of an organosilicon SiOx Cy Hz (O2 /HMDSO=0, according
to table 4.1, without pretreatment and interlayer) with a thickness of
10 nm deposited on PET RD23. In a) the sample is shown prior to
etching and in b) the same position is shown after 180 min of oxygen
etching. Generic positions of defect formation are indicated by numbers
1 to 5.
In figure 5.5 a), possible inhomogeneities (morphological or even chemical) in the coating
are marked as numbers 1 and 2 , and potential agglomerations (probably dust particles)
are marked as numbers 2, 3, 4 and 5 before etching. Figure 5.5 b) shows the same locations
after etching for 180 min. The observed inhomogeneities in the coating shown in figure 5.5
a) might have been locations where dust particles, geometric shadowing or stress buildup
occurred during film growth at sites of high surface roughness, which were stated to cause
defect formation [56, 67, 216]. Regarding marked positions, defects appeared at positions
1 to 4 after etching in figure 5.5 b). Therefore, sites where defects preferentially evolved
were partially visible before reactive oxygen etching. Nevertheless, grains visible on the
surface of the coating, like marked as number 5 in figure 5.5 a), not necessarily led to the
formation of defects (cf. figure 5.5 b)). This might have been due to the fact that some
particles or grains lied on the surface and were not incorporated in the coating. Therefore,
no defect formation was induced during growth. However, whether particles and grains
were incorporated in the coating or distributed over the outer surface was not predictable
by means of SEM imaging. Additionally, not every defect site was visible in advance. As
aforementioned, a failure of the barrier coating was typically expected at local roughness
elevations on the polymer surface, like anti-block or dust-particles. It was already shown
by Bahre et al [33, 45], that local roughness elevations evolve on the here coated PET
RD23 foil during exposure to a plasma. Thus, the critical coating thickness, as reported
by da Silva Sobrinho et al [67] and Steves [57], was governed by the roughness profile of
the polymer [34, 57, 67]. Hence, surface roughness had to be exceeded by the thickness of
the coating in order to accomplish a homogeneous coverage. For instance, this might have
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not been the case at positions 2, 3 and 4. Hence, this could have led to inhomogeneities in
the deposited coating, like larger grain boundaries, pinholes or pore channels [32, 56,217],
therefore, resulting in the formation of defects.

5.1.4. Film thickness
In particular, the film thickness is decisive for the formation of defects, as shown by da
Silva Sobrinho et al. [216]. The densities of coating defects in silicon oxide (SiOx ) coatings
deposited via PE-CVD and in titanium dioxide (TiO2 ) coatings deposited via a plasmaenhanced atomic layer deposition process are shown in figure 5.6 a). The defect densities
are shown as a function of film thickness. In figure 5.6 b) and c), generic SEM images of
defects in SiOx and TiO2 films with a thickness of 2 nm and 2.5 nm are shown. The SiOx
film was deposited with an oxygen to HMDSO ratio of 200 (O2 /HMDSO=200, according
to table 4.1, without pretreatment and interlayer). To ensure a deposition comparable
to the PE-ALD process resulting in a TiO2 film, the SiOx film was deposited without
previous plasma pretreatment or interlayer deposition. Error bars indicate the standard
deviation corresponding to defect densities and OTRs of all measured samples. Since
defect densities depended on many factors, like film thickness, and composition, as well
as substrate morphology, roughness and chemical structure, the defects were not assumed
to be distributed stochastically [112]. Furthermore, only small areas of approximately
0.5 mm2 were investigated for each sample; therefore, the observed distribution of defects
differed for each sample, respectively [112]. As discussed in section 3.2.9, this was considered by deriving the standard deviation from measurements of at least threes samples.
A SiOx film with a thickness of 2 nm is presented in figure 5.6 b). It showed a closed
film, covering and protecting the PET surface against oxygen etching [112], which was
in accordance with findings of Dennler et al [213] and Steves [57]. This also supported
the statement of a closed film, as conducted from AFM imaging in section 5.1.2. Although a 2 nm thick SiOx film was mainly capable of protecting the PET surface, it was
too thin to form a self-contained, free-standing film at etched defect sites [112]. Thus,
cracking and partial delamination of the SiOx film occurred (cf. figure 5.6 b)), as also reported by Steves [57]. Hence, the crater-like structure was not present for 2 nm thick SiOx
films [112]. However, for thicker SiOx films, the known crater shaped defects, accompanying free-standing SiOx films, were observed at cavities which were etched into the PET
surface, as shown in figure 5.7. However, the TiO2 coating with a thickness of 2.5 nm
already exhibited the crater-like structure. Therefore, it formed a self-contained, freestanding film at etched defect sites. Cracking and delamination of 2 nm thin SiOx films
might have been caused by differences in the intrinsic stresses of SiOx films in comparison
to the TiO2 coatings deposited by PE-ALD, as also observed by Gebhard et al [136].
SiOx films with a thickness of 2 nm exhibited a high defect density of about 3500 mm−2 .
This was due to the fact that the thickness of corresponding coatings was close to the
surface roughness. With respect to the sample area under investigation (0.5 mm2 ), after
exposing the sample to oxygen etching for 60 min, the defects covered a total area smaller
than 1% [112]. However, a barrier improvement was not observed for SiOx of this thick-
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Figure 5.6.: The defect density is shown as a function of film thickness for a) silicon
oxide (SiOx ) films deposited by PE-CVD and titanium dioxide (TiO2 )
films deposited by PE-ALD on PET RD23. The silicon oxide film
was deposited with an oxygen to HMDSO ratio of 200 (according to
table 4.1, without pretreatment and interlayer). Defect densities were
determined after 60 min of oxygen etching. Generic SEM images of
defects are shown in b) for a 2 nm thick SiOx film and in c) for a 2.5 nm
thick TiO2 film. Adapted from [112]. Exemplary image of defect in
upper right corner of b): from [57].

ness. This result agreed well with the works of Dennler et al [213] and da Silva Sobrinho
et al [67], who reported a barrier loss of ≤ 99.9% for defects covering a total area of
≤ 1.0% in case of a 2 nm thick SiOx film on PET [112]. This was due to the lateral diffusion governing the transmission of oxygen for such films [67, 112, 213]. As shown in figure
5.6 a), increasing the SiOx film thickness to 3 nm resulted in a significant drop of defect
density to a value around 2900 mm−2 . Defects exhibited the already discussed crater-like
shape and SiOx films with a thickness of 3 nm formed free-standing, self-sustained layers
above the cavities without cracking or delamination.
The defect densities continued its severe decrease for increasing SiOx film thicknesses, as
shown in figure 5.6 a). For film thicknesses exceeding 15 nm, the decrease proceeded at
lesser a rate. This corresponded to the work of da Silva Sobrinho et al [216], who reported
that exceeding a critical thickness of 15 nm for SiOx films on PET resulted in a severe
drop of defect density. A further increase of SiOx film thickness to 50 nm reduced the
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defect density to 40 mm−2 . Considering the application of differing PET substrates and
deposition processes, this was in good agreement with literature, stating a defect density
of 80 mm−2 [216] for comparable conditions. Furthermore, the reduction of defect density continued down to a value of about 10 mm−2 for a SiOx with a thickness up to 100 nm.

Figure 5.7.: Generic SEM images of defects in a) a 2 nm and b) a 30 nm thick SiOx
film deposited with an oxygen to HMDSO ratio of 200 (according to
table 4.1, without pretreatment and interlayer). A straight line beside
defects was added in a) to guide the eye. Agglomerations of defects are
marked in b).
As mentioned before, defect densities were additionally analyzed for TiO2 deposited by
PE-ALD as a function of film thickness. This enabled a comparison between different
approaches for plasma-enhanced deposition processes (PE-ALD, PE-CVD), as well as for
different coatings. A defect density of approximately 500 mm−2 was observed for TiO2
films with a thickness of 2.5 nm. Therefore, the defect density was significantly reduced
by a factor of 7 in comparison to SiOx films of the same thickness. Comparable to the
behavior for SiOx coatings, the defect density showed a severe drop for an increasing TiO2
thickness, as shown in figure 5.6 a). At a thickness of 7.5 nm, the TiO2 film exhibited a
defect density of around 100 mm−2 . A proceeding increase of film thickness resulted in
a further decrease, however, at lower rate [112]. Subsequently, a defect density of about
10 mm−2 was observed for a TiO2 thickness of 20 nm. Notably, this defect density was
just reached for SiOx films with a thickness of 100 nm. According to literature [129, 152],
PE-ALD was reported to successfully deposit uniform, and homogeneous TiO2 films which
are free of pinholes [112]. PE-ALD exhibits a growth, which is self-limiting, as well as
uniform, and not as likely to form defects as PE-CVD processes. Therefore, lower defect densities in case of TiO2 films deposited by PE-ALD could have been expected in
comparison to SiOx films deposited by PE-CVD. Indeed, this was observed in figure 5.6
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a). Nevertheless, a residual defect density was observed even for TiO2 deposited by PEALD [112]. Since, dust particles were reported to induce the formation of defects, and as
the TiO2 films were not deposited under cleanroom conditions, a residual defect density
was most likely due to dust particles remaining at the PET surface.
In the case of thin SiOx films (e.g. 2 nm), where high defect densities were present, spatial
distribution of defects was random and homogeneous, as shown in figure 5.7 a). However, some defects were aligned alongside a straight line, as also indicated in figure 5.7 a).
Defects oriented accordingly, may have originated from mechanical stress which also determined the direction of orientation, as proposed by Steves [57]. However, for an increase
of SiOx film thickness (e.g. to 30 nm), resulting in significantly lower defect densities, the
distribution became inhomogeneous, as shown in figure 5.7 b) and as accordingly reported
in literature [57]. The residual defects were no longer homogeneously distributed over the
total area of the sample. Instead, remaining defects appeared gathered in agglomerations,
as indicated in figure 5.7 b). Due to the fact that defects typically arise from inhomogeneities at the surface of the substrate, a group of defects might have been formed locally
in close proximity to surface inhomogeneities. This assumption was also supported by the
investigations discussed in section 5.1.3.

5.2. Effect of substrate selection
Beside coating thickness, the properties of a substrate can have a severe influence on the
defect formation. Therefore, SiOx coatings with varying thicknesses were deposited on
PP TNS 30 foil and on spin-coated PP (scPP) with an oxygen to HMDSO ratio of 200
(O2 /HMDSO= 200, according to table 4.1, without pretreatment and interlayer). The
scPP sample consisted of 5 PP layers spin coated consecutively. Therefore, the scPP had
a thickness of 170 nm and exhibited a RMS roughness of 6.7 nm. On the contrary, the PP
TNS 30 foil exhibited a RMS roughness of 3.5 nm.
Defect densities of corresponding SiOx coatings on PP TNS 30 and scPP were investigated and are shown in figure 5.8. On both substrates, SiOx films with a thickness of
2 nm exhibited high defect densities. On PP TNS 30 foil, a density of about 56000 mm−2
was observed in a 2 nm SiOx film. SiOx of the same thickness on scPP merely showed a
defect density of about 24000 mm−2 , being smaller by more than a factor of 2.4 compared
to PP TNS 30. Similar to the behavior discussed in section 5.1.4 and seen in figure 5.6,
a severe drop of defect density was observed for enlarging film thicknesses. For a film
thickness of 5 nm the SiOx films contained approximately 900 mm−2 defects on PP TNS
30 and about 200 mm−2 defects on scPP. Consequently, more than 4 times less defects
were observed if scPP was chosen as a substrate. The decreasing defect density continued for proceeding increase of film thickness, however, at lesser rate. Defect densities of
380 mm−2 and 260 mm−2 were present in silicon oxide films with a thickness of 20 nm and
30 nm on PP TNS 30. On scPP, SiOx films with a thickness of 20 nm and 30 nm exhibited
defect densities of 74 mm−2 and 22 mm−2 . Therefore, defect densities for silicon oxide
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films on scPP were consistently, and significantly lower by a factor between 2.4 and 12,
as shown in figure figure 5.8.
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Figure 5.8.: Defect densities for SiOx coatings with varying thicknesses are shown
for depositions on scPP (5 layers, black squares) and on PP TNS 30
foil (red circles). The SiOx coating was deposited with an oxygen to
HMDSO ratio of 200 (O2 /HMDSO= 200, according to table 4.1, without pretreatment and interlayer).
These results indicated the severe impact of the substrate surface on the formation of
defects in the coating, which corresponded well to the reports in literature [56, 67, 68, 112,
216–218,252]. However, besides dust particles, morphological or chemical inhomogeneities
at the interface between substrate and growing film might have been important for the
formation of defects. Although scPP and PP TNS 30 foil prima facie exhibited the same
chemical composition, differences may have arose from differing production processes.
While the scPP foil was produced by lab-grade spin-coating, as described in section 3.3.2,
PP TNS 30 was industrially produced, and biaxially-oriented. For instance, this implies
the application of various additives during the production process to influence processing
and different properties of the plastic. For instance, anti block particles were also present
at the surface of the foil. On the contrary, a pure polymeric PP film originated from
spin-coating under the assumption of a complete solvent evaporation. Therefore, the
effect of additives was excluded by utilizing spin-coated PP. The consistently lower defect
densities observed for SiOx films deposited on scPP (figure 5.8) could have been ascribed
to the absence of additives. Nevertheless, the RMS roughness of scPP was higher than
the one for PP TNS 30. However, an unfavorable impact on the defect formation was not
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observed on scPP. As anti block particles are known to induce the formation of defects due
to roughness elevations, this might have been an important factor for the higher defect
densities on PP TNS 30. Admittedly, SiOx coatings on scPP still exhibited a residual
density of defects. This might have been due to remaining dust particles lying on the
surface during film growth or due to local surface inhomogeneities evolving during the
spin-coating process. These results clearly indicated the impact of the substrate on the
formation of defects. Particularly, this has to be considered if coatings are supposed to
be free of defects or if defect densities were determined for films deposited on different
substrates.

5.3. Comparison of different coating processes
Like the coating thickness, and the properties of the substrate, different coating materials or deposition techniques may have an influence on the defect formation. Therefore,
figure 5.9 shows the defect densities of different coatings deposited on PET RD23 within
the framework of the SFB-TR 87. Two different SiOx films were deposited in microwave
driven PE-CVD processes: (i) SiOx in the here presented process chamber including
pretreatment and interlayer, and (ii) SiOx (IKV) at the Institute of Plastics Processing
(IKV, RWTH Aachen University). Additionally, amorphous hydrogenated silicon (a-Si:H)
films were deposited in a capacitively coupled PE-CVD process at the Institute for Experimental Physics II Reactive Plasmas (Ruhr-Universität Bochum) and two TiO2 films
were deposited by PE-ALD processes at the institute for Inorganic Materials Chemistry
(Ruhr-Universität Bochum). Corresponding oxygen transmission rates are also presented
in figure 5.9. Therefore, defect densities and OTR of all applied inorganic coatings could
be compared. In figure 5.9 a) and b) TiO2 films with a thickness of 20 nm were analyzed.
) was deposited with increased partial
The TiO2 film in figure 5.9 a) (referred to as TiOfailed
2
pressure of nitrogen, shifting the process outside the reliable process window. Hence, it
was supposed to fail. In figure 5.9 b) the results for a TiO2 film deposited within the PEALD process window are shown. The results of both SiOx (3 step process: pretreatment,
SiOx Cy Hz interlayer, O2 /HMDSO=0, and SiOx barrier film, O2 /HMDSO=200) and SiOx
(IKV) with a thickness of 30 nm are presented in figure 5.9 c) and d). Figure 5.9 e) shows
the defect density and OTR of a 30 nm a-Si:H film. Additionally, generic SEM images of
defects corresponding to the coatings are also presented in figure 5.9. A detailed description of the processes used for the deposition of analyzed coatings is given in appendix
B.3, B.4, and B.5.
TiOfailed
(cf. figure 5.9 a)) exhibited a defect density of 590 mm−2 and offered no sig2
3
The PE-ALD process for the
nificant barrier improvement with an OTR of 68 mcm
2 day .
failed
deposition of TiO2 , previously optimized for TiO2 films by Gebhard et al [129], was
severely influenced by the increase of nitrogen partial pressure in the process [112]. This
hampered corresponding surface reactions and, therefore, the homogeneous growth on the
surface of the substrate [112]. TiO2 deposited by the optimized PE-ALD process [129]
3
offered a macro defect density of 8 mm−2 and an OTR of 0.02 mcm
2 day . Hence, the optimized process resulted in a TiO2 coating exhibiting high homogeneity and high barrier
performance. The mass transport towards the substrate and the generation of reactive
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Figure 5.9.: Defect densities and oxygen transmission rates for a) 20 nm PE-ALD
TiOfailed
film that failed (cf. corresponding paragraph) due to increase
2
of pressure, b) a 20 nm titanium oxide (PE-ALD), c) a 30 nm silicon
oxide (PE-CVD) (3 step process: pretreatment, SiOx Cy Hz interlayer,
O2 /HMDSO=0, and SiOx barrier film, O2 /HMDSO=200), d) a 30 nm
silicon oxide (IKV) film and e) a 30 nm amorphous hydrogenated silicon
film (PE-CVD). A detailed description of applied processes is given in
appendix B.3, B.4, and B.5. SEM images of generic defects in the
coatings are shown at the top of each column. Figure adapted from
[112].
species in the plasma were influenced by the increased pressure, resulting in a low barrier
performance and in an augmented formation of defects in the TiOfailed
film in comparison
2
to the TiO2 film deposited by the optimized process. This demonstrated the direct influence of plasma and process parameters on the defect formation and film structure.
3

An OTR of 1.4 mcm
2 day was observed for the SiOx coating exhibiting a defect density of
−2
60 mm , as shown in figure 5.9 c). On the contrary, SiOx (IKV) exhibited an OTR of
3
−2
3.0 mcm
, as shown in figure 5.9 d). Therefore, the OTR
2 day and a defect density of 10 mm
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was higher by a factor of 2. However, the defect density was lower by a factor of 6 in
comparison to the SiOx . Overall, rather small defect densities were observed. As shown
3
in figure 5.9 e), an OTR of 0.81 mcm
2 day was achieved by application of a a-Si:H coating.
Additionally, a defect density of 24 mm−2 was found. The differences between the varying
coatings might have been due to the different deposition conditions, namely PE-ALD
processes in an electron cyclotron wave resonance plasma for the deposition of TiO2 (figure
5.9 a) and b)), the microwave driven low pressure plasma presented in this thesis (figure
5.9 c)), an industry-related microwave driven low pressure plasma for the deposition of
SiOx (IKV) on large scale polymeric substrates (figure 5.9 d)), and a capacitively coupled
low pressure plasma for the deposition of a:Si-H without admixture of oxygen (figure
5.9 e)) [112]. However, the statement for silicon oxide films by Steves [57] proposing
that barrier films with a high barrier performance exhibit a low defect density was also
observed for completely different coatings deposited with diverse deposition techniques
[112]. Nevertheless, a direct correlation between OTR and defect density could not be
proven, as will also be shown in section 5.5.

5.4. Influence of plasma parameters
The previously discussed investigations on defect densities related to film thickness, substrate selection, and the application of different plasma processes indicated that prevailing
plasma may have a significant influence of the formation of defects. As discussed in the
previous section 5.3, particularly, process parameters, i.e., plasma parameters have a significant influence on the barrier performance and the defect formation. Besides surface
properties and inhomogeneities of the substrate, the prevailing plasma parameters are
decisive for the formation of defects. Process parameters, like the oxygen to HMDSO
ratio, were already reported to govern the barrier performance of SiOx coatings applied
to polymeric substrates [37, 45, 63, 71, 118]. Additionally, Steves [57] reported that the
defect density depended on the oxygen to HMDSO ratio and on the application of a RF
bias in cw mode. Furthermore, besides an increase of ion energy, Steves [57] stated that
the cw RF bias caused an increase of the steady state atomic oxygen density. However,
a study correlating the absolute flux of reactive oxygen atoms to the barrier properties
and to the formation of defects was missing. Therefore, the defect density and the OTR
of silicon oxide barrier films were analyzed as a function of the absolute flux of oxygen
atoms ΓO relative to film growth, i.e., the deposition rate Rdep .

ΘO =

ΓO
.
Rdep

(5.1)

According to equation (5.1), ΘO describes the absolute number of oxygen atoms which
impinged on the sample of unit area during the growth of one nanometer of a silicon
based coating (m−2 nm−1 ). The atomic oxygen flux ΓO was determined by using equation
(3.22). Like suggested by Steves [57], the atomic oxygen density was varied by adjusting
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the oxygen admixture and by application of a cw RF bias. The oxygen to HMDSO ratio
was varied between 10 and 200 (processes according to table 4.1).
In figure 5.10 a) the OTR is shown for SiOx films deposited with cw RF bias and with
grounded substrate holder in dependence of ΘO , the quantity of atomic oxygen that
impinged the sample per unit area and nm of SiOx film growth (m−2 nm−1 ). For AO
3
quantities ≤ 9.8 · 1021 m−2 nm−1 the OTR of applied coatings deviated between 68 mcm
2 day
3

and 72 mcm
2 day , independent of the application of a cw RF bias. Therefore, a significant
improvement of barrier performance was not achieved for low AO quantities which had
impinged on the sample during one nanometer of silicon oxide film growth [112]. When a
number of ≤ 1.1 · 1022 m−2 nm−1 oxygen atoms was reached, the OTR decreased severely
3
to a value of 7.1 mcm
2 day , corresponding to a barrier improvement by a factor of approximately 11. Increasing the quantity of oxygen atoms to a value of 2.2 · 1022 m−2 nm−1 per
nanometer of film growth caused a further decrease of the OTR. The OTR reached a value
3
of 1.4 mcm
2 day corresponding to a barrier improvement factor (BIF) of about 54. Applying
the additional cw RF bias resulted in a further increase of the amount of AO incident
per unit area and nanometer of SiOx film growth, which was not reached by sole MW
processes. An additional increase of AO quantity caused a proceeding decrease of OTR.
Therefore, the barrier performance was still improving. However, the decrease occurred
at lesser rate [112]. Exposing a nanometer of SiOx film growth to 1.5 · 1023 m−2 nm−1
oxygen atoms per unit area, caused the OTR to decrease to a value of approximately
3
0.4 mcm
2 day corresponding to a BIF of 163 [112]. This corresponded well to the observations
of Steves et al [57,71] and Liu et al [118], stating an improved barrier performance for SiOx
films with increasing oxygen to HMDSO ratios, as well as a less porous structure and an
enhanced cross-linking of the silicon oxide network by the use of an additional cw RF bias.
Defect densities are shown in figure 5.10 b) for SiOx films deposited with cw RF bias
and with grounded substrate holder in dependence of ΘO , the quantity of atomic oxygen
that impinged the sample per unit area and nanometer of SiOx film growth. In case of
an atomic oxygen quantity of ≤ 9.8 · 1021 m−2 nm−1 in a sole MW process, a defect density of 400 mm−2 to 500 mm−2 was observed. Reaching 1.1 · 1022 m−2 nm−1 oxygen atoms
in a sole MW process caused the defect density to show a significant drop to 60 mm−2 ,
which corresponded to the decrease of OTR (cf. figure 5.10 a)). A further increase of
the AO quantity incident per unit area and nanometer of SiOx film growth did not lead
to an additional decrease of defect density. However, the defect densities stayed below
160 mm−2 for higher quantities of impinging oxygen atoms. SiOx films deposited with
additional cw RF bias leading to incident quantities of AO between 1.1 · 1022 m−2 nm−1
and 1.5 · 1023 m−2 nm−1 also exhibited defect densities below 160 mm−2 (cf. figure 5.10
b)) which coincided with a high barrier performance (cf. figure 5.10 a)). Consequently,
coatings deposited with AO quantities ≥ 1.1 · 1022 m−2 nm−1 exhibiting defect densities
below 160 mm−2 showed a significant improvement of barrier performance (highlighted
area in Figure 5 a) and b)), independent of the application of a bias. Therefore, plasma
parameters, like the quantity of AO incident per unit area and per nanometer of SiOx
film growth on the substrate, had a severe impact on the resulting intrinsic film properties
and the formation of defects [112]. According to Steves et al [57, 71] and Liu et al [118],
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Figure 5.10.: a) Oxygen transmission rates (OTRs) and b) defect densities for SiOx
films with a thickness of 25 nm deposited with different oxygen to
HMDSO ratios on PET RD23 (5 s Ar pretreatment, 1 nm of organosilicon interlayer). The coatings were deposited with and without cw RF
bias. OTR and defect densities are presented as a function of incident
atomic oxygen quantity ΘO per unit area and nm of SiOx film growth.
The horizontal dashed line indicates the reference OTR of pristine
PET RD23. The highlighted area corresponds to ΘO that resulted in
a barrier improvement. Adapted from [112].
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the atomic oxygen density in HMDSO based processes for the deposition of SiOx barrier
films is decisive for the cross-linking of the silicon oxide network and for the porosity
of resulting films. Therefore, increasing the quantity of atomic oxygen, that impinged
the sample per unit area and nanometer of SiOx film growth, resulted in an enhanced
cross-linking and in a decreased porosity [112]. This led to a more homogeneous coverage
and an improved barrier performance [112]. Both led to a decreased defect density by
hampering the formation of defects during growth [112].
According to Steves [57], the application of a cw RF bias resulted in a decreased defect formation, even at low oxygen to HMDSO ratios, where no barrier improvement
was observed. As shown in figure 5.10 b), a low defect density below 130 mm−2 was
present in SiOx films deposited with cw RF bias even for atomic oxygen quantities of
≤ 6.9 · 1021 m−2 nm−1 . However, for this AO quantity no significant barrier improvement was observed (figure 5.10 a)). As stated by Steves et al [57, 71], this was due to
an insufficient degree of cross-linking of the silicon oxide network, induced by low AO
densities in the plasma [112]. Therefore, it was assumed that defect driven permeation
was not the governing mechanism [112]. On the contrary, solid body diffusion might be
dominant [112]. This was supported by the investigations on transport mechanisms by
Kirchheim et al [178, 253] partially performed for the silicon oxide coatings applied in the
study presented here. Solid body diffusion was stated to be more likely in comparison to
free diffusion and Knudsen diffusion [178,253], which will also be discussed in section 5.6.
The application of a cw RF bias led to an increased energy of incident ions [57, 71,
112]. As a result, the surface mobility of adsorbed species was increased, as described by
Thornton et al [72]. This was beneficial to close voids. Thus, the defect formation was
inhibited during film growth. The low defect density in case of organosilicon SiOx Cy Hz
films deposited with incident oxygen atoms ≤ 6.9 · 1021 m−2 nm−1 and additional cw RF
bias, which showed no significant barrier improvement, indicated a sufficient protection
of the PET surface against reactive oxygen etching, as well as that permeation was not
governed by the observed defects [112]. Typically, organosilicon SiOx Cy Hz films exhibited
a high density of nanopores [71]. However, these nanopores might have been too small to
be directly entered by AO during etching causing the visualization of defects. Therefore, a
density below 130 mm−2 was plausible if the permeation was not dominantly driven by the
visualized defects. This supports the results of Steves [57], as a low barrier improvement of
inorganic SiOx or organosilicon SiOx Cy Hz films did not necessarily lead to a high density
of defects [112]. In this regard, the absolutely quantified flux of reactive plasma species
incident during film growth was correlated to the formation of defects. However, the
results indicated that permeation through visualized coating defects might not be the
dominant mechanism.

5.5. Correlation between OTR and defect density
As discussed in the previous section 5.4, the observations indicated that permeation
through visualized defects might not be the governing transmission mechanism. Instead,
solid body diffusion might play an important role. To investigate a potential correlation
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Figure 5.11.: Oxygen transmission rates (OTR) as a function of defect density for
a) SiOx coatings with varying thickness (from 2 nm to 100 nm) as presented in figure 5.6, b) SiOx films deposited by varying oxygen to
HMDSO ratios without and c) with cw RF bias (both from figure
5.10), as well as d) for TiO2 films deposited by PE-ALD with TDMAT and TDMADT for varying thicknesses (from 1.5 nm to 20 nm)
as presented in figure 5.6 and described in literature [129].
between OTR and defect density, figure 5.11 shows the OTR as a function of defect density for the coatings shown in figure 5.6 and 5.10, as well as for TiO2 (PE-ALD) films, as
partially reported by Gebhard et al [129]. All coatings were deposited on PET RD23 foil.
Figure 5.11 a) shows the OTR as a function of defect density for SiOx films deposited
with varying thickness. Overall, for an increasing defect density, a rising OTR was observed (marked area) agreeing well with literature [216]. However, a correlation was not
necessarily found, as shown for SiOx films deposited by varying oxygen to HMDSO ratios
in figure 5.11 b) and c). For a process solely driven by a MW discharge (substrate holder
grounded) in figure 5.11 b), an increase of defect density still correlated with a lack of
barrier performance (marked area). However, SiOx films deposited with application of a
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cw RF bias (figure 5.11 c)) resulted in a defect density around 120 mm−2 that correlated
3
cm3
both with high (around 70 mcm
2 day ) and low OTRs (approx. 0.5 m2 day ) corresponding to
coatings with and without barrier performance (marked area). Again, this indicated that
defects, like the ones visualized by the technique presented here, may not govern the permeation of oxygen through the films. Notably, this was also indicated by TiO2 (PE-ALD)
coatings with varying thickness (from 1.5 nm to 20 nm) shown in figure 5.11 d). The TiO2
films were deposited by PE-ALD utilizing tetrakisdimethylamidotitanium (TDMAT) and
trisdimetylamido-dimetylamino-2-propanolatotintanium (TDMADT). TiO2 deposited by
TDMADT exhibited a clear dependence of OTR on defect density (dashed line). Low
defect densities between 30 mm−2 and 60 mm−2 were associated with low OTR in the
3
cm3
range from 2 mcm
2 day to 4 m2 day . Increasing defect densities resulted in a rapid rise of OTR.
3

Around 100 mm−2 defects accompanied an OTR of about 80 mcm
2 day .
3

For defect densities up to approximately 14000 mm−2 the OTR remained above 80 mcm
2 day .
TiO2 deposited by TDMAT showed a different behavior. Although exhibiting a similar
chemical structure, corresponding to Gebhard et al [129], the film growth was different.
The correlation between defect density and OTR was also different, as shown in figure
5.11 d). TiO2 films deposited by TDMAT exhibited a significant barrier performance with
3
−2
(marked
an OTR value below 6 mcm
2 day even for defect densities up to almost 2000 mm
3

area). However, for a defect density around 1000 mm−2 also high OTRs up to 75 mcm
2 day
were found. Therefore, a correlation between defect density and OTR might or might not
be observed, depending on different boundary conditions. However, even if a correlation
between defect density and OTR was found, it was not clear if permeation through defects
was the dominant mechanism, as the overall area covered with defects was small (cf.
section 5.1.4). Additionally, permeation could have also been governed by film properties
like the degree of cross-linking, morphology or nanoporosity superimposing the effect of
coating defects. However, not all of these properties were accessible. Thus, a direct
correlation between OTR and defect density could not be derived.

5.6. Permeation mechanisms
As previously discussed, diffusion through defects might not be the dominating permeation mechanism. Therefore, typical diffusion models were compared to the OTR of
applied coatings to reveal prevailing permeation mechanisms. The oxygen transmission
rate is a function of ambient temperature. The permeation can be depicted by a temperature dependent diffusion model (Arrhenius model), which was elaborately discussed in
literature [4, 178]. As described in section 3.2.2, different permeation mechanisms can be
distinguished depending on the defect or pore diameter: (i) free diffusion, (ii) Knudsen
diffusion, and (iii) solid body diffusion. Therefore, temperature dependent OTR measurements of PP TNS 30 foil coated with silicon oxide barrier films were performed to
investigate the prevailing diffusion mechanism.
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free diffusion

PP TNS 30 (pristine)
SiOx barrier on PP

a)

b)

solid body diffusion

Knudsen diffusion
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Figure 5.12.: Oxygen transmission rates (OTR) for SiOx coatings on PP TNS 30 are
2.5
−1
shown as a function
to
√ of a) temperature, b) T (T +CSu ) according −1
free diffusion, c) T according to Knudsen diffusion, and d) (RA ·T )
according to solid body diffusion

Figure 5.12 a) shows the OTR of PP TNS 30 foil in pristine condition and coated with
a silicon oxide barrier film as a function of ambient temperature. The temperature was
varied from 23◦ C to 50◦ C. The SiOx barrier film was deposited with an oxygen to HMDSO
ratio of 200 (according to table 4.1) after 3 s of Ar pretreatment, and subsequent to the
deposition of an organosilicon interlayer (O2 /HMDSO= 0, according to table 4.1) with a
thickness of 10 nm. The OTR of both the pristine and the coated PP TNS 30 foil showed
a rise for increasing temperatures. As proposed by Kirchheim et al [178], the OTR solely
raised by the multilayer barrier coating system was determined according to the classical
laminate theory, considering the OTR of the pristine foil [4, 178, 254]

1
OTRtotal (T )
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=

1
OTRcoat. (T )

+

1
.
OTRPP (T )

(5.2)

5.6. Permeation mechanisms
In equation (5.2), OTRtotal denotes the oxygen transmission rate of the coated PP,
OTRcoat. the transmission rate of the barrier coating, and OTRPP the transmission rate
of pristine PP in dependence of the temperature T . Assuming that the temperature
dependence of the sorption is negligible [178, 253], the OTR is proportional to the diffusion coefficients related to the different permeation mechanisms. Considering that one
of the permeation mechanisms applies to the diffusion through coatings, the OTR is a
2.5
−1
linear
√ function of: (i) T · (T + CSu ) if free diffusion is the governing mechanism, and
(ii) T if Knudsen diffusion is the dominant mechanism. The natural logarithm of the
OTR is also a linear function of (iii) (RA ·T )−1 if solid body diffusion is governing the OTR.
√
The OTR of the SiOx film is shown as a function of T 2.5 · (T + CSu )−1 in figure 5.12 b), T
in c), and (R·T )−1 in d). A linear fit was applied to the data in figure 5.12. With respect to
the model according to free diffusion shown in figure 5.12 b), a coefficient of determination
2
= 0.977 was achieved by the linear fit. The fit corresponding to the Knudsen
of Rfd
2
diffusion, shown in figure 5.12 c), showed a coefficient of determination of RK
= 0.972. In
n
2
case of the model based in solid body diffusion a coefficient of determination of Rsb
= 0.997
was observed, as shown in figure 5.12 d). Therefore, solid body diffusion was most likely
the dominant permeation mechanism for the applied SiOx barrier films on PP TNS 30,
as also reported by Kirchheim et al [178, 253]. Additionally, these results indicated that
a sole defect driven permeation, like assumed for the numerical simulations of Wilski et
al [69], were not able to sufficiently depict the correlations between OTRs and defect
densities observed in section 5.5. Instead, solid body diffusion through nanoporosity has
to be considered for the investigation of permeation mechanisms. Nevertheless, it has
to be considered that defect driven permeation might get dominant for barrier coatings
exhibiting significantly higher barrier performances, e.g., for the application in solar cells.
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6. Separation of influence of atomic
oxygen fluence and ion energy
As previously discussed, different aspects of the plasma influence the properties of a barrier coating, e.g., the barrier performance. However, the application of the bias led to
increasing oxygen fluxes and to higher ion energies. The influence of ion energy on coating properties was investigated in many works for physical vapor deposition (PVD) or
ion-assisted processes in case of metal based coatings [72–79]. However, only little work
has been published correlating the average ion energy and the atomic oxygen flux with
the properties of barrier coatings for polymers in PECVD processes [111]. For instance,
the energy spent per precursor molecule was estimated by Starostin et al [117] and Elam
et al [116] for a plasma assisted atmospheric pressure process for the deposition of silicon
oxide barrier coatings. An increase of barrier performance was observed for an increased
energy spent per precursor molecule [111, 116, 117]. Furthermore, the influence of ion
energy and atomic oxygen density on coating properties, like barrier performance, morphology and chemical structure, was reported by Steves et al [57, 71] for silicon oxide
barrier coatings in a microwave driven discharge [111]. In this regard, it was shown that
improved barrier properties, a higher degree of cross-linking, and a smoother morphology
correlated to an increased ion energy, and a magnified atomic oxygen density. However,
ion energy and atomic oxygen density could not be varied independently [57, 111]. This
is due to the RF bias, superimposing the microwave discharge and controlling the ion
energy, which caused a capacitively coupled plasma (CCP) to ignite [57, 111]. This additional CCP served as additional source for atomic oxygen [57, 111].
The properties of silicon oxide barrier coatings are decisively influenced by the impinging
atomic oxygen flux, and the average energy incorporated by ion bombardment relative to
the flux of film forming Si atoms [111]. As discussed in section 2.2.2, a variably pulsed
RF bias was utilized to separate the influence of average ion energy and atomic oxygen
flux [111]. Based on this, the number of impinging oxygen atoms and the average ion
energy incorporated per deposited Si atom was determined, considering plasma parameters, bias voltage, film density, chemical composition and particle fluxes. Consequently,
the average energy incorporated by ions and the number of oxygen atoms per deposited
silicon atom was separately correlated with the barrier performance and the chemical
composition [111].
For barrier coating processes on PET RD23, the three consecutive plasma processes were
applied again: (i) 5 s of argon plasma pretreatment, (ii) an interlayer with a thickness
of 1 nm, by a process solely fed by HMDSO (cf. table 4.1), and (iii) a barrier layer
with a thickness of 17 nm. The latter was deposited with an oxygen to HMDSO ratio of
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50 (4 sccm HMDSO, 200 sccm O2 ) at a pressure of 25 Pa. The applied MW power was
= 40 ms
= 4 ms, and the MW off time tMW
1500 W, the MW pulse-on time was tMW
off
on
(according to homogeneity criterion). RF pulses were generated either at the beginning
or at the end of MW pulses, as described in section 2.2.2. The duration tRF
on,MW of RF
pulses starting a the beginning of the MW pulses was varied between 1 ms and 4 ms. The
length tRF
on of RF pulses triggered at the end of MW pulses was adjusted between 4 ms
and 40 ms. The matching was automatically controlled by the generator to reach a stable
power of 60 W.
The following sections are mainly based on a scientific paper published as first and corresponding author in Journal of Physics D: Applied Physics [111]. The first author performed planning, interpretation, as well as discussion of all data included in the following
sections of the present thesis. The majority of experiments were executed by the first
author. The following measurements were acquired by co-authors:
• Christian Hoppe (TMC, University of Paderborn): XPS.

6.1. Quantification of deposition rates, plasma and
coating densities
The deposition rates for processes performed with various RF pulse durations and temporal positions are shown in figure 6.1. The RF pulse durations and temporal positions are
discussed in detail in section 6.2.1. All pulse settings exhibited similar deposition rates
deviating between 1.2 nm and 1.3 nm. Therefore, the deposition rates deviated within the
confidence interval of 8% [111]. This implied that film growth was decisively governed
by the MW pulse [111]. This was due to significantly higher plasma densities in MW
driven discharges compared to the RF discharge. During MW pulses, electron densities
of 3.2 · 1017 m−3 , electron temperatures of 1.8 eV, and mean atomic oxygen densities of
2.8 · 1020 m−3 were determined by OES, independent of an additional RF bias application
within MW pulses [111]. On the contrary, a sole RF discharge showed electron densities of 1.5 · 1015 m−3 , and electron temperatures of 3.5 eV were determined by OES. The
mean atomic oxygen densities depended on the duration of the RF bias pulses during
MW off time. Mean atomic oxygen densities of up to 6.3 · 1020 m−3 were observed by
OES. The plasma parameters for MW and RF discharges were in good agreement with
literature [57, 71, 149]. Thus, even if a RF bias was applied during the MW pulse, the
combined discharge was dominated by the MW plasma, as the plasma density exceeded
the RF plasma density by two orders of magnitude [111]. Additionally, any changes in
atomic oxygen densities were below detection limit of OES for RF pulse application within
the MW on time [111]. Therefore, it was assumed that the Si flux to the surface, i.e., the
film growth only originated from the MW pulses, since the plasma density was higher by
two orders of magnitude in the MW discharge and the deposition rates were constant [111].
In contrast to the deposition rates, the mass density of the coating was slightly influenced
by the application of a pulsed RF bias. The mass densities of barrier coatings deposited
with different, exemplary RF pulse durations and temporal positions are shown in figure
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Figure 6.1.: Deposition rates for coating processes with an oxygen to HMDSO ratio
of 50 (4 sccm HMDSO, 200 sccm O2 ) as a function of RF bias application
for various pulse durations and temporal positions.
6.2. A barrier coating deposited by a sole MW process with an oxygen to HMDSO
ratio of 50 (4 sccm HMDSO, 200 sccm O2 ) exhibited a density of 2.7 cmg 3 , which was in
good agreement with literature [255, 256]. An additional application of the pulsed RF
bias resulted in a slight increase of coating density. First, the density rose to 2.8 cmg 3 for
4 ms pulse duration simultaneously to the MW pulse. Furthermore, a growth to 3.1 cmg 3
was observed for 40 ms pulse duration during the MW off time. Therefore, the density
increased by 15% in maximum. However, the error bars were in the range of 25%, and
hence, the increase of coating density did not exceed the confidence interval.

103

6. Separation of influence of atomic oxygen fluence and ion energy

W

M

o

y
nl

)
(1
N
O
RF

t

=

4

s
m

)

(5

O

N

t RF

=

40

s
m

0)

(1

Figure 6.2.: Mass densities of coatings deposited with an oxygen to HMDSO ratio of
50 (4 sccm HMDSO, 200 sccm O2 ) as a function of RF bias application
for exemplary pulse durations and temporal positions, as shown in figure
6.1.

6.2. Quantification of energies and fluences
The average energy ĒΓi incorporated per deposited Si atom by impinging ions, and the
atomic oxygen flux ΓO relative to the flux ΓSi of film forming silicon atoms are decisive
for the properties of silicon oxide barrier films. The effect of both was separated by
application of a variably pulsed RF bias [111]. Therefore, the ion flux, the ion energy,
as well as the atomic oxygen flux, and the effective flux of Si contributing to film growth
had to be quantified [111].

6.2.1. Disspiated average ion energy per deposited Si atom
The average energy ions gained in the RF sheath was estimated for a biased substrate
holder as described in section 2.2.2, according to Prenzel et al [127] and Steves et al [57,71].
For all processes driven with RF bias, a RF power of 60 W was applied by an automatically
controlled matching network. As shown in figure 6.3 a), the processes with an oxygen
to HMDSO ratio of 50 led to a peak-to-peak amplitude of about 61 V, and resulted in
MW+RF
a self-bias of Ubias
= 71 V if the RF power was applied during MW on time [111].
According to the discussion in section 2.2.2, it was assumed that (i) the sheath voltage
equaled the difference between plasma potential and measured bias voltage if the bias
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voltage was below the floating potential, and (ii) a fixed difference between plasma and
floating potential was used as sheath voltage, if the measured bias voltage was greater or
equal the floating potential [71, 111, 127]. A floating voltage of about 86 V was measured
at the floating substrate holder (solely MW discharge) by a voltage probe. A constant
voltage drop of 3.8 V between plasma and floating potential was assumed and conducted
from Langmuir probe measurements. This resulted in an effective voltage modulating the ion energy as shown in figure 6.4 a) and, therefore, in an average ion energy of
ĒiMW+RF = 19 eV [111]. Considering Child-Langmuir’s law, the mean sheath thickness
was estimated to be 240 µm. However, the mean free path for collisions with oxygen
1
, considering T = 293 K, p = 25 Pa, and the
molecules was estimated to be 1 mm (λf = nσ
cross-section for molecular oxygen being twice the cross-section of atomic oxygen with
respect to a van-der-Waals radius of 152 pm [257]). Therefore, the sheath was collisionless in good approximation.

a)

b)

MW + RF bias

RF bias

floating voltage

self-bias

self-bias

Figure 6.3.: RF modulated bias voltage measured at the vacuum feed through by
a voltage probe for a) a superimposed MW and RF pulse, as well as
for b) a sole RF ignition in the MW off time. The dashed black lines
indicate the self-bias voltage. The dashed grey line in a) indicates the
floating voltage, as measured at an unbiased, floating substrate holder
during MW pulses. The process was run with an oxygen to HMDSO
ratio of 50.
In contrast to this, an average ion energy of ĒiMW = 4 eV was estimated from plasma
and floating potential for a sole MW pulse with a floating substrate holder. As shown in
figure 6.3 b), a RF bias running in the MW off periode led to a peak-to-peak amplitude
RF
of about 511 V, and resulted in a self-bias of Ubias
= −120 V. Neglecting plasma and
floating potential due to the high self-bias voltage, the ions gained an estimated energy
of ĒiRF = 120 eV if an RF bias was applied during the MW off period. The thickness of a
Child-Langmuir sheath was estimated to be 4 mm. Since the mean free path for collisions with oxygen molecules was estimated to be 1 mm, ions underwent several collisions
when passing the RF sheath reducing the ion energy significantly. Nevertheless, an ion
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energy of 120 eV was considered for following calculations to take account of a maximal
energy approximation.
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Figure 6.4.: Acceleration voltage for ions impinging on the substrate as determined
according to section 2.2.2 in a superimposed MW and RF discharge.
Process was run with an oxygen to HMDSO ratio of 50.

All processes related to the investigations on the application of a pulsed RF bias were
driven with a MW power of 1500 W and run at a pressure of 25 Pa. The MW on time was
tMW
= 4 ms, and the off time tMW
= 40 ms, respectively. As described in section 2.2.2,
on
off
RF
the RF on time ton was varied between 1 ms and 4 ms, if RF pulses were applied at the
MW
beginning of MW pulses (tRF
) [111]. If RF pulses were applied at the end of MW
1,a = t1
MW
pulses (tRF
=
t
),
the
RF
on
time
tRF
2
on was varied between 4 ms and 40 ms [111].
1,b
The flux of ions impinging on the substrate with a certain energy corresponds to Ēi , the
average energy flux

Ēi = Ēi · Γi .

(6.1)

The oxygen ion flux Γi was determined according to figure 4.4 in section 4.1.1. Consequently, the incorporated energy ĒΓi per deposited Si atom was derived from the ratio of
total energy flux Ēitotal to the flux of Si atoms ΓSi contributing to film growth. Considering
the pulse durations of MW and RF pulses, as well as the temporal position of the RF
pulses, the incorporated energy ĒΓi per deposited Si atom was estimated as
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In equation (6.2), the energy flux (i) EiMW for the fraction of a pure MW pulse, (ii)
EiMW+RF for the fraction of a superimposed MW and RF pulse, and (iii) EiRF for a sole
RF pulse were weighted with the fraction of the period in which the corresponding flux
was produced with respect to the overall periodic time, respectively. This is schematically shown in figure 6.5 with respect to equation (6.2). The on time of a RF pulse
MW
within the MW pulse is denoted as tRF
on,MW , the MW on time as ton , and the RF on
time outside the MW pulse as tRF
on . Consequently, the fractions of the period in which
the corresponding ion flux was produced relative to the periodic time was abbreviated
RF
tMW −tRF
tRF
MW+RF
on,MW
RF
= ontMW +ton,MW
as tMW
= tMWton
= tMW
. In equation (6.2) and
MW , ti
MW , and ti
i
+t
+tMW
on
on
on
off
off
off
equation (6.3), the first term on the right (i and ii) represents the ion energy incorporated
per deposited Si atom by the MW pulse and simultaneous RF bias application (within
the MW pulse), and the second term on the right (iii) constitutes the contribution of the
energy incorporated by the flux of ions, if RF bias pulses were applied in the MW off time.
It was stated in literature, that the modifications in film structure, morphology and chemistry depended on whether Γi /ΓSi or Ēi was changed [73,111]. Thus, the first or the latter
had to be kept constant to reveal the effect of one, respectively [111]. As discussed in section 6.1, the plasma parameters, like electron density and temperature, did not show any
change if a pulsed RF bias was applied during MW pulses. Thus, even if a RF bias was
applied during the MW pulse, the combined discharge was dominated by the MW plasma,
as the plasma density exceeded the RF plasma density by two orders of magnitude [111].
Hence, the ion flux ΓMW
generated within MW pulses was independent of the application
i
of a RF bias. Hence, it was constant ΓMW
= ΓMW+RF
= const. (cf. equation (6.2)). Since
i
i
the deposition rates, the coating densities, and the chemical composition (discussed in
the following sections) remained the same within the confidence interval, independent of
a RF bias application within the MW pulse, the flux of Si atoms ΓSi contributing to film
growth was also constant. The flux of Si atoms contributing to film growth was quantified
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Figure 6.5.: Schematic illustration of RF bias pulsing relative to the MW pulse
according to the assignments in equation (6.2).

according to section 3.2.10. Since the Si flux was constant, the ratio Γi /ΓSi was fixed and
just the energy of ions was varied by the pulsed RF bias. Hence, the influence on film
structure and barrier properties was solely ascribed to the variation of average ion energy,
if RF pulses were applied during MW on times. However, if RF pulses were triggered
with an average energy of ĒiRF was
in the MW off time, an additional flux of ions ΓRF
i
generated. Though, the contribution of this ion flux was comparably low, as the plasma
density was lower by two orders of magnitude in comparison to the MW plasma density.
Consequently, the ion flux was also lower by approximately two orders of magnitudes.

6.2.2. Number of oxygen atoms per deposited Si atom
The atomic oxygen density was determined by OES, and the atomic oxygen flux was estimated by equation (3.22), as discussed in section 3.1.2. The flux of Si atoms contributing
to film growth was quantified according to section 3.2.10.
A mean atomic oxygen density of 2.8·1020 m−3 was observed by OES during MW ignition.
The application of RF bias pulses within the MW on time did not lead to a measurable
variation of the atomic oxygen density, i.e., changes in atomic oxygen densities were below
detection limit of OES [111]. Therefore, the contribution of the MW pulse on the flux
of atomic oxygen was estimated to be constant, independent of the application of a RF
bias (within the MW pulse). However, applying a RF bias in the MW off time resulted
in increased mean atomic oxygen densities. For a RF bias pulse enduring the complete
MW off time of 40 ms led to atomic oxygen densities up to 6.3 · 1020 m−3 . Consequently,
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the mean flux of oxygen atoms was likewise increased. Considering the flux of Si atoms
ΓSi contributing to film growth, and the flux of oxygen atoms ΓO , the number of oxygen
atoms NΓO /ΓSi impinging per deposited silicon atom was estimated by

NΓO /ΓSi =

ΓO
.
ΓSi

(6.4)

6.3. Influence of ion energy incorporated per deposited
Si atom
The OTR is shown in figure 6.6 a) as a function of RF bias application during barrier layer
deposition for various pulse durations and temporal positions. The applied pulse lengths
and offsets relative to the MW pulse are schematically shown in figure 6.6 b). Coatings
deposited by a sole MW process (1) only exhibited a minor improvement of barrier per3
cm3
formance. The OTR declined from 75.4 mcm
2 day for pristine PET RD23 to 42.9 m2 day after
applying the barrier coating. Consequently, the barrier was improved by a factor of 1.8.
Applying a RF bias with a pulse width of 1 ms at the beginning of the MW pulse (2)
RF
(tRF
shift,a = 0 ms, ton,MW = 1 ms, figure 6.6 a)) resulted in a comparable OTR. However, the
3
OTR slightly increased to 56.5 mcm
2 day , in contrast to a process solely driven by MW (cf.
figure 6.6 a) & b), (1) & (2)). Extending the RF pulse length to tRF
on,MW = 2 ms (figure 6.6
b) (3)) caused a further improvement of barrier performance exhibiting a BIF of 3.6 for
3
an OTR of 21.0 mcm
2 day . Consecutively increasing the RF pulse length to 3 ms and 4 ms resulted in a steadily decreasing OTR (cf. figure 6.6 a) & b), (4) & (5)). Corresponding to a
3
BIF of 94, an OTR of 0.8 mcm
2 day was reached if the RF pulse lasted the complete MW pulse.
Figure 6.6 c) shows the average energy of ions ĒΓi incorporated per deposited Si atom,
as well as NΓO /ΓSi , the number of oxygen atoms impinging per deposited Si atom, as
a function of RF bias application during barrier layer deposition for different pulse durations and temporal positions. A process solely driven by a MW discharge, without
additional RF bias (figure 6.6 b) & c) (1)), incorporated an energy of 20 eV per deposited
Si atom by impinging ions. The incorporated energy was almost doubled by the application of a RF bias with a pulse length of 1 ms triggered at the beginning of the MW pulse
RF
(tRF
shift,a = 0 ms, ton,MW = 1 ms, figure 6.6 b) & c) (2)). Nevertheless, the OTR remained
3
cm3
between 42.9 mcm
2 day and 56.5 m2 day . Therefore, the incorporated energy was insufficient to
result in a barrier layer with a significant barrier performance. However, increasing RF
pulse lengths led to rising energies incorporated by ion bombardment. RF pulses with a
length of tRF
on,MW = 4 ms resulted in incorporated energies of 98 eV (figure 6.6 b) & c) (5)).
The energies in the range between 20 eV and 98 eV incorporated by ion bombardment per
deposited Si atom were in good agreement with values stated in literature [73,74,258]. As
shown in figure 6.6 a) and c) (1) to (5), the decline of OTR from 42.9 to 0.8 was in reciprocal congruence with the increase of incorporated energy from 20 eV to 98 eV caused by the
variation of RF pulse length between 1 ms and 4 ms within the MW pulse [111]. Hence,
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a direct correlation between the energy incorporated per deposited Si atom by impinging ions and barrier performance of applied silicon oxide barrier layers was indicated [111].
Besides the incorporation of energy by ions, oxygen atoms impinged during film growth.
Therefore, the number of oxygen atoms impinging per deposited Si atom had to be considered. In figure 6.6 c) the flux of oxygen atoms is shown relative to the flux of Si atoms,
which contributed to film growth. Under variation of the RF pulse length between 0 ms
and 4 ms within the MW pulse (figure 6.6 b) (1) to (5)), the number of oxygen atoms
impinging per deposited Si atom remained almost constant around 4300. Consequently,
the decrease of OTR, as shown figure 6.6 a), was solely caused by the increase of energy
incorporated by ion bombardment per deposited Si atom. The almost constant number of
impacting oxygen atoms was due to steady plasma conditions [111]. As aforementioned,
an electron density of 3.2 · 1017 m−3 , an electron temperature of 1.8 eV, and an atomic
oxygen density of 2.8 · 1020 m−3 was observed within MW pulses independent of the application of an additional RF bias [111]. Since the MW plasma density exceeded the RF
density by two orders of magnitude, the superimposed MW and RF discharge was dominated by the MW driven plasma. Furthermore, any changes in atomic oxygen densities
were below detection limit of OES for the given sets of RF bias pulsing (cf. Figure 6.6
b) (1) to (5)) [111]. Hence, the energy incorporated by bombarding ions per deposited Si
atom could be varied independently of the number of oxygen atoms for RF pulsing within
the MW pulse.
The flux of several thousands of oxygen atoms per deposited Si atom seemed to be an
oversupply at the first glance. However, the high amount of impacting oxygen could have
been necessary due to the presence of large HMDSO fragments containing methyl groups,
and contributing to film growth, as stated in literature [24, 59, 89, 111, 161, 183]. Considering that (i) two Si atoms were contained in one HMDSO molecule from which only
one contributed to one SiOx unit in the coating [161], and (ii) six methyl groups were
contained per pristine HMDSO molecule, the number of potential partners for reactions
with oxygen was significantly increased. Assuming that two Si atoms, six C atoms and
eighteen H atoms could contribute to oxygen reactions, the number of potential reaction
partners could have been higher by a factor of 26, since CO2 , CO, and H2 O were stated
to be typical end products of O2 /HMDSO chemistry [24, 59, 111, 164]. Additionally, the
etching probability of atomic oxygen was reported to be in the order of 10−4 [243, 244].
Therefore, higher numbers of oxygen atoms could have been necessary to result in a sufficient effect. Consequently, the high flux of oxygen atoms relative to the flux of deposited
Si atoms could have been necessary, due to low etching probabilities, and the manifold of
potential reaction partners [111].
The increasing energy incorporated by impinging ions per deposited Si atom had a severe
influence on the OTR, i.e., the barrier performance of deposited barrier layers. Therefore, a significant impact on the structure of applied coatings had to be present [111].
Consequently, changing film properties could have been of morphological or chemical nature. As shown in figure 6.2, a mass density of 2.7 cmg 3 was observed for SiOx coatings
deposited by a sole MW discharge. This was in good agreement with literature [161]. A
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minor increase of density to 2.8 cmg 3 was observed if the RF pulse lasted the complete MW
pulse (cf. figure 6.6 b) (5)), which was within the confidence interval. Furthermore, the
chemical composition remained within the confidence interval of 8%. For carbon, a concentration of around 11%, for silicon of 24%, and for oxygen of about 65% was observed
independent of RF pulsing within the MW pulse. Considering only bonds between silicon
and oxygen, i.e., excluding the oxygen to carbon bonds, the oxygen to silicon ratio varied
between SiO2.5 and SiO2.7 [111]. This indicated an over-stoichiometric ratio, eventhough,
this was in accordance with SiOx coatings reported in literature [259–261]. However, the
cross-linking of the silicon oxide network was modified [111]. Figure 6.6 d) shows the
relative area of Si2p components as a function of variable RF bias application. A relative
area of 29% was assigned to Si(-O)4 , and an area of 70% to Si(-O)3 in a sole MW process.
Both Si(-O)1 , as well as Si(-O)2 were not detected, and Si(-C/H)4 remained below 1%.
The residual Si(-C/H)4 component indicated a negligible amount of carbon contained in
an overall inorganic SiOx film, which was in accordance with literature for similar SiOx
coatings [71, 111]. The Si(-O)4 component indicated silicon with a silica environment.
However, Si(-O)3 components were also present [111]. This indicated the existence of
silicon not completely bound to oxygen [111]. Consequently, the forth bond of silicon had
be saturated by a different atom or chemical structure [111].

The incorporation of hydrogen or carbon was stated for similar silicon based coatings
[186, 208, 262, 263]. Therefore, silicon to hydrogen and silicon to carbon bonds were observed to be formed and fulfilled the remaining bonding requirement of silicon in Si(-O)3 :
C-Si(-O)3 or H-Si(-O)3 [111, 186]. However, such films were also reported to be inorganic
and, therefore, free of carbon [71,111]. Figure 6.7 a) shows generic FTIR spectra of barrier
layers deposited (i) solely by a MW discharge (figure 6.6 b) (1)), (ii) by application of additional RF bias pulses with a width of 4 ms at the beginning of MW pulses (figure 6.6 b)
(5)), and (iii) by application of RF pulses lasting for 40 ms at the end of MW pulses (figure
6.6 b) (10)). Si-OH vibrations were observed at 925 cm−1 , as well as Si-O-Si vibrations
at 800 cm−1 and 1070 cm−1 [59, 118, 204, 206]. According to literature, Si-CH3 bending
modes were expected at 1277 cm−1 and Si-H vibrations at 2250 cm−1 [118, 207, 208, 263].
As shown in figure 6.7 a), neither Si-CH3 nor Si-H peaks were observed, though. Therefore, the assumption that inorganic silica like films were deposited was supported by
corresponding FTIR spectra. Furthermore, it supported the statement that the residual
carbon concentration, as determined by XPS, was mainly due to contamination by ambient air during sample transfer [111]. Nevertheless, the forth bonding requirement of
silicon in Si(-O)3 had still to be met. However, the high oxygen concentration of 65% at
the surface could have indicated a significant presence of silanol groups or water adsorbed
at the surface, which could not be removed by transferring the samples to ultra-high vacuum XPS without tempering [111]. Under these conditions, Duval et al [264] and Leung
et al [265] reported a deprotonation of surface near hydroxy groups [111]:

(O−)3 Si − OH + H2 O −→ (O−)3 Si − O− ... H3 O+ .

(6.5)
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As stated by Duval et al [264], the deprotoation causes a shift of the Si2p peak towards
lower binding energies in comparison to Si(-O)4 bonds [111]. Consequently, the Si2p peak
was split into two components, and the remaining bonding requirement of silicon in Si(O)3 was fulfilled by deprotonated hydroxy groups resulting in O− -Si(-O)3 [111].
Increasing the RF pulse duration to 4 ms (figure 6.6 b) (1) to (5)) resulted in a rise of
incorporated energy to 98 eV (figure 6.6 c) (1) to (5)). This had a significant impact on
the relative areas of Si2p components. As shown in figure 6.6 d) ((1) to (5)), the O− Si(-O)3 component decreased rapidly, and steadily from 70% to 44%. On the contrary,
the relative area of the Si(-O)4 component exhibited a reciprocal increase from 29% to
54%. Again, the Si(-C/H)4 component remained below 1%, and Si(-O)1 , as well as Si(O)2 components were not observed. Hence, the assumption of a carbon free silicon oxide
coating was supported. The increase of the relative areas of Si(-O)4 components indicated a rising amount of high oxidized states [111]. Consequently, the number of hydroxy
groups contained in the barrier layer was reduced. Therefore, less deprotonation occurred
forming O− -Si(-O)3 bonds. Since hydroxy groups hampered the cross-linking to adjacent
silicon atoms, the rise of Si(-O)4 components, as well as the decline of the relative area of
O− -Si(-O)3 components indicated an enhancing degree of cross-linking [111]. Therefore,
O− -Si(-O)3 bonds are referred to as low oxidized states in the following. The statement of
an increased oxidation state was also supported by the fact that the maximum of the Si2p
peak shifted from 102.9 eV towards higher binding energies of 103.3 eV for the increase of
the RF pulse length to 4 ms, as shown in figure 6.7 b) [111].
The rising incorporation of energy by ion bombardment per deposited Si atom severely
influenced the chemical structure. The result was an increase of high oxidized states and
a decline of low oxidized states. As stated in literature [71], the enhanced degree of crosslinking was indicated by the increase of highly oxidized states [111]. This was ascribed
to an increasing surface mobility and the formation of dangling bonds [71, 111]. A direct
correlation between the OTR and the degree of cross-linking of the silicon oxide network
was reported by Steves et al [71]. The rising energy incorporated by ion bombardment
(figure 6.6 c) (1) to (5)) was in congruence with the increase of highly oxidized states
(figure 6.6 d) (1) to (5)), whereas a constant number of oxygen atoms impinged during film
growth for processes (1) to (5) [111]. Therefore, the rising ion energy up to 98 eV (figure
6.6 c) (1) to (5)) per deposited Si atom was solely assigned to result in the enhanced crosslinking (figure 6.6 d) (1) to (5)) which caused the improvement of barrier performance
(figure 6.6 a) (1) to (5)) [111]. However, the cross-linking achieved for a RF pulse length
of 1 ms (figure 6.6 d) (2)). Hence, the incorporated energy of 40 eV was not sufficient
to cause a significant barrier performance [111]. As discussed in section 6.2.1, the ratio
Γi /ΓSi or the average energy Ēi had to be kept constant to reveal the influence of one
on the film structure, morphology, and chemistry. Since plasma parameters, chemical
compositions, deposition rates and coating densities approximately remained constant,
the flux ratio Γi /ΓSi was also constant in good approximation, independent of pulsing the
RF bias [111]. Hence, the observed influence on film structure and barrier properties was
solely ascribed to the increase of average ion energy Ēi [111].
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Figure 6.6.: a) OTR, c) energy ĒΓi incorporated by ion bombardment per deposited
Si atom, as well as the number of oxygen atoms impinging per deposited
Si atom, and d) relative area of Si2p components are presented as a
function of applying a pulsed RF bias as schematically shown in b).
Adapted from [111].
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6.4. Influence of the number of oxygen atoms per
deposited Si atom
The application of a RF bias at the end of the MW pulse is schematically shown in figure
6.6 b) (6) to (10). The RF pulse length was varied between 4 ms and 40 ms. The barrier
performance improved only slightly for the application of RF pulses with a length of 4 ms
(figure 6.6 a) (6)). In comparison to a coating applied by a sole MW process (figure 6.6
3
cm3
a) (1)), the OTR declined by 26% from 42.9 mcm
2 day to 31.9 m2 day . The further increase of
pulse width of the RF bias resulted in a steadily declining OTR (cf. figure 6.6 a) (6) to
3
(10)). A minimum OTR of 1.1 mcm
2 day was observed for RF pulses with a width of 40 ms,
lasting for the complete MW off time [111]. However, the OTR was still higher compared
3
to the one of 0.8 mcm
2 day achieved for a RF bias with a pulse lenght of 4 ms within the MW
pulse. Therefore, the BIF was lower by 28% [111].
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Figure 6.7.: a) FTIR spectra in the range between 700 cm−1 and 2500 cm−1 for barrier films deposited by varying RF bias pulse settings, and b) the binding energy shift of the Si2p peak maximum. Adapted from [111].
The variation of the pulse width of RF pulses (figure 6.6 b) (6) to (10)), triggered at the
end of MW pulses, influenced the average energy ĒΓi incorporated by ion bombardment
per deposited Si atom, as shown in figure 6.6 c) (6) to (10). The application of a RF bias
with a pulse width of 4 ms (6) and 10 ms (7) caused an incorporated energy similar to the
energy incorporated by a sole MW process between 20 eV and 22 eV [111]. A RF pulse
length of 20 ms and 30 ms resulted in an increased energy of 27 eV and 36 eV incorporated
per deposited silicon atom. Therefore, the incorporated energy was still lower than the
energy of 40 eV achieved for a 1 ms RF pulse within the MW pulse, which was insufficient
to influence the OTR. Extending the RF pulse length to 40 ms, lasting the complete MW
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off time (figure 6.6 b) (10)), resulted in an energy of 47 eV incorporated per deposited
Si atom. However, an incorporated energy of 59 eV achieved for a RF pulse length of
2 ms within the MW pulse only resulted in a slight barrier improvement by a factor of
3.6 [111]. Therefore, the energy incorporated by ion bombardment was smaller in comparison to the application of RF pulses within the MW pulses, although the RF pulse length
was significantly longer [111]. The application of the RF bias resulted in an additional
CCP discharge. If the RF pulses were applied during the MW off time, a contribution to
the overall ion flux was present. Therefore, an increase of Γi was the result, and the ratio
Γi /ΓSi was influenced [111]. However, the RF discharge contributed significantly less to
the total ion flux in comparison to the MW discharge since the plasma density was lower
by two orders of magnitude. In comparison to the application of RF pulses within the
MW pulse, the ion flux was increased by 6% in maximum if the RF bias was applied in
the MW off time (cf. figure 6.6 b) (6) to (10)). Thus, the impact on the ratio Γi /ΓSi
was minor. Hence, the influence on the calculation of the incorporated energy ĒΓi was
assumed to be negligible. Nevertheless, the increase of incorporated energy was present
and could not be precluded. However, the effect on the barrier performance was minor
for comparable energies incorporated by application of the RF bias within MW pulses.
Therefore, the number of oxygen atoms impinging per deposited Si atom could be varied
independently of an influence caused by the energy incorporated by ion bombardment for
processes (6) to (10) (cf. figure 6.6).

Nevertheless, the OTR decreased for increasing RF pulse lengths, as shown in figure 6.6
a) (6) to (10). Since the increase and the impact of the energy incorporated by ion
bombardment was minor, the number of oxygen atoms impinging the growing film per
deposited Si atom had to be considered. The application of RF pulses with a width of
4 ms at the end of MW pulses (figure 6.6 b) and c) (6)) resulted in an increased number of
impinging oxygen atoms of 4800 per deposited Si atom. This was related to an increase
of measured oxygen photoemission intensity caused by an increased mean atomic oxygen
density [111]. If a RF bias was applied in the MW off time, the mean atomic oxygen
density was composed of oxygen atoms generated in the RF pulse (MW off time) and of
atomic oxygen generated within the MW pulse. The application of RF pulses resulted in
an additional capacitively coupled discharge in the MW off time [57], which caused further
dissociation of oxygen molecules [111]. As shown in figure 6.6 c) (6) to (10), the extension
of the RF pulse width resulted in a steady increase of the number of impinging oxygen
atoms. For a RF pulse lasting the complete MW off time of 40 ms, up to 10500 oxygen
atoms impinged per deposited Si atom in maximum. As a matter of fact, the number of
oxygen atoms increased by a factor of 2.4. As discussed in section 6.3, the high number of
oxygen atoms relative to the number of deposited Si atoms could have been necessary due
to manifold reaction pathways between oxygen species and HMDSO, resulting in diverse
oxidation processes and [111]. Furthermore, the oxygen etching reaction probability was
only low (10−4 ) [243, 244]. However, the declining OTR was in reciprocal congruence to
the increasing number of oxygen atoms (figure 6.6 a) and c) (6) to (10)), while the impact
of incorporated ion energy was minor [111]. Additionally, the mass density of applied sili-
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con oxide films increased slightly to 3.1 cmg 3 for RF pulses extended to 40 ms, as discussed
in section 6.1.

The relative areas of Si2p components are shown in figure 6.6 d) as a function of variable
RF bias application in the MW off time ((6) to (10)). Comparable to a sole MW process,
the application of RF pulses with a width of 4 ms at the end of MW pulses resulted in
a relative area of below 1% for the Si(-C/H)4 component. However, the relative area of
O− -Si(-O)3 was smaller by 15%, and the relative area of Si(-O)4 was higher by 39%, as
shown in figure 6.6 d) (1) and (6). Therefore, a greater amount of higher oxide states were
observed indicating an improved degree of cross-linking. This coincided with a decline
of the OTR (figure 6.6 a) (6)) which was caused by the improved cross-linking. Since
the effect of the increased energy incorporated by ion bombardment was negligible, the
effect on the OTR and cross-linking was solely caused by the higher amount of oxygen
atoms provided by the application of the RF bias (cf. figure 6.6 c) (6)). Extending the
RF pulse width to 10, 20, 30, and 40 ms in the MW off time resulted in a severe decline
of the relative area of the O− -Si(-O)3 component down to 44%. This was comparable
to the decrease observed for the application of the RF bias within the MW pulses (cf.
figure 6.6 c) (2) to (5) and (6) to (10)). Furthermore, the area of the Si(-O)4 component,
shown in figure 6.6 d) (6) to (10), exhibited an increase similar to the one observed for
processes (1) to (5) (figure 6.6 d)). The relative area of the Si(-O)4 component steadily
approached 54% for RF pulses with a duration of 40 ms (figure 6.6 b) and d) (10)). Under the assumption that the effect of the incorporated energy was negligible, this result
indicated the improving degree of cross-linking caused by the increasing number of impinging oxygen atoms to 10500 per deposited Si atom [111]. The effect on the OTR, i.e.,
the improvement of barrier performance was similar to the effect which resulted from the
increase of incorporated ion energy to 98 eV per deposited Si atom, as observed for RF
pulses applied within MW pulses (figure 6.6 c) (2) to (5)) [111].

However, the underlying mechanisms were different. As discussed in section 6.1, the deposition rates were stable independent of the application of a RF bias. Therefore, the
deposition rates were governed by the MW discharge, and the contribution to film growth
of the RF bias in the MW off time was negligible, which was also supported by the severe difference in plasma densities [111]. However, the additional capacitively coupled
discharge caused an ion bombardment and generated atomic oxygen. Consequently, the
possible energy incorporation by ion bombardment, as well as the impingement of oxygen
atoms occurred off film growth if the RF pulses were applied at the end of MW pulses (figure 6.6 b) (6) to (10)). In this regard, the application of RF pulses during the MW off time
inducing the significant increase of atomic oxygen production, acted as a post-treatment.
Therefore, it resulted in post oxidation processes, as also reported in literature [111, 266].
This caused the rise of higher oxide states, i.e., the improved degree of cross-linking resulting in a smaller OTR. This statement was also supported by the steady shift of the
Si2p peak from 102.9 eV for sole MW processes to 103.3 eV for RF pulse widths of 40 ms
(during MW off time), as shown in figure 6.7 b) (1), and (6) to (10). Therefore, the Si2p
peak maximum showed a similar shift towards higher binding energies as also observed
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for the application of the pulsed bias within the MW pulse (figure 6.7 b) (1) to (5) and
(6) to (10)).
Consequently, the energy incorporated by ion bombardment, as well as the number of
impinging oxygen atoms affected film growth, and coating properties independent from
each other, as shown in section 6.3 and 6.4. Both the sufficient incorporation of ion energy,
as well as a sufficient flux of atomic oxygen per deposited Si atom could cause an enhanced
cross-linking; therefore, improved barrier performance were the result, respectively [111].
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7. Comparative investigation on
HMDSO and HMDSN based
coatings
In the course of the previous sections, plasma properties, like ion energy and atomic
oxygen flux, were correlated to resulting film properties (defects, cross-linking, barrier
performance, chemical structure, etc.). However, the applied precursor and the evolving plasma chemistry may also have an influence on the film formation of interlayers
and barrier layers. HMDSO is one of the common precursors used for the deposition
of SiOx barrier films [35–38, 56, 160]. HMDSN is also applied in many applications for
the deposition of silicon nitride (Six Ny ) films [81–83, 103, 107, 109, 160]. Both precursor
molecules contain six methyl groups, however, they are easy to handle in comparison to
silanes [59, 107, 160]. Due to the contained methyl groups, both precursors can be used
for the deposition of films ranging from organosilicon to silicon nitride or silicon oxide
films [80, 84–88, 160]. As stated by Plog et al [88] and Steves et al [71], the chemical
structure. Therefore, the barrier performance of silicon oxide films depend on the admixed oxygen to precursor ratio [160]. For increasing oxygen to precursor ratios, the AO
density and flux is increased, as previously discussed, and the cross-linking, as well as the
degree of oxidation is enhanced [71, 88, 160]. For low oxygen to precursor ratios, carbon
is incorporated in the silicon based films impeding the barrier performance [37, 71, 160].
Therefore, applying processes with increased oxygen to precursor ratios result in oxidation
of carbon in organosilicon films [37, 71, 160].
As discussed in detail in chapter 4, reactive oxygen species impinging on the surface
of the polymer can lead to etching and the escape of volatile etch products [51, 160].
Consequently, this can result in low molecular weight oxidized material (LMWOM) or a
weak-boundary layer on the surface, which was both reported to inhibit the adhesion of
barrier films [160, 267, 268]. Hence, a concurrent etching and deposition can occur during
the initial stages of oxygen diluted deposition processes [54, 160]. As discussed in chapter
4, this can be impeded by the application of organosilicon interlayers, which were also referred to as adhesion-promoting layers [58, 60, 112, 160]. Such interlayers can be produced
by both HMDSO and HMDSN based processes [60, 88, 160].
The dissociation and reaction pathways of HMDSO and HMDSN based deposition processes [24,89–94] and the growth mechanisms of SiOx film growth [35–38,56] were reported
in literature. However, only little work [95] has been published with respect to a systematic comparison between HMDSO and HMDSN based processes for the deposition of
organosilicon interlayers and silicon based barrier films on the same substrates, within
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the same setup, as well as under equal conditions [160]. Therefore, detailed investigations of interlayer and barrier film deposition processes were performed. This included
mass spectrometry (MS) of neutral species in the gas phase and the determination of
film properties. The latter was investigated by OTR measurements, XPS, FTIR, and
adhesion measurements. All films were deposited on PET RD 23 or PP TNS 30 foil
by a microwave driven discharge with grounded substrate holder. Molecular densities
of HMDSO and HMDSN were absolutely quantified by MS. Additionally, corresponding
deposition rates, as well as the degrees of depletion were determined. The OTR of barrier films was determined in correlation to the thickness of the barrier layer and to the
admixture of oxygen. Consequently, the results were linked to the chemical structure
of deposited films. Additionally, the effect of interlayers based on HMDSO, as well as
HMDSN, and the effect of varying interlayer thicknesses were investigated on PET RD
23 and PP TNS 30.
The following sections are mainly based on a scientific paper published as first and corresponding author in Journal of Physics D: Applied Physics [160]. The first author performed planning, interpretation, as well as discussion of all data included in the following
sections of the present thesis, and executed the majority of experiments. Following measurements were acquired by co-authors:
• Christian Hoppe (TMC, University of Paderborn): AFM, XPS.
• Lars Schücke (AEPT, Ruhr-Universität Bochum): partially OTR and deposition
rates within the scope of a master thesis [269].
• Montgomery Jaritz (IKV, RWTH Aachen University): bond strength measurements.

7.1. Dissociative electron impact ionization (DEII)
Figure 7.1 and figure 7.2 show the MS detector signal of exemplary ion fragments of
HMDSO and HMDSN produced by dissociative electron impact ionization (DEII) in
the ionizer. The detector signal was tracked as a function of electron energy while
only HMDSO or HMDSN was fed into the chamber at a pressure of 25 Pa. This comprises fragments that were reported in literature to be produced by DEII: (i) HMDSO
and HMDSN molecules, which lost one methyl group (for HMDSO (CH3 )3 SiOSi(CH3 )+
2:
+
147 u; for HMDSN ((CH3 )3 SiNHSi(CH3 )2 : 146 u) [89, 90, 160], (ii) HMDSO and HMDSN
molecules, which lost two methyl groups and one hydrogen atom ((CH3 )3 SiOSi(CH2 )+ :
131 u; (CH3 )3 SiNSi(CH3 )+ : 130 u) [90,160,186], (iii) HMDSO and HMDSN molecules that
lost one Si containing group ((CH3 )3 SiO+ : 89 u; (CH3 )3 SiNH+ : 88 u) [89, 160, 270, 271].
Figure 7.1 a) and b) present the near threshold data of the considered ion fragments as
a function of the electron energy in the ionizer. Therefore, it shows the corresponding appearance energies for DEII. As shown in figure 7.1 a), DEII of HMDSO into
(CH3 )3 SiOSi(CH3 )+
2 (147 u) fragments exhibited a threshold energy around 9.7 eV, which
was in accordance with literature [165]. The threshold energies for smaller HMDSO ion
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Figure 7.1.: Near threshold data of generic fragments of HMDSO and HMDSN as a
function of electron energy in the ionizer of the mass spectrometer. The
mass spectrometer detector signal is shown for considered HMDSO ion
fragments in a) and for HMDSN fragments in b). Lines serve as guide
for the eye. Adapted from [160].
fragments were also in accordance with literature [165], as (CH3 )3 SiOSi(CH2 )+ (131 u),
and (CH3 )3 SiO+ (89 u) revealed appearance energies at 14.2 eV and 11 eV [160]. In figure
7.1 b), near threshold data for considered HMDSN fragments are shown. In case of DEII
of HMDSN, a threshold energy of 9.5 eV was observed for (CH3 )3 SiNHSi(CH3 )+
2 (146 u)
+
+
ion fragments [160]. DEII of (CH3 )3 SiNSi(CH3 ) (130 u) and (CH3 )3 SiNH (88 u) appeared at energies of 13.3 eV and 10.8 eV [160].
The detector signals of considered ion fragments of HMDSO and HMDSN are shown in
figure 7.2 for varying electron energies. First, all ion fragments showed increasing detector signals for magnifying electron energies. Subsequently, a steady state was achieved,
respectively, for electron energies up to 75 eV [160]. However, comparing ion fragments of
HMDSO with corresponding ones of HMDSN revealed consistently higher detector signals
for fragments originating from HMDSN. The detector signals of HMDSN ion fragments
were higher by factors between 1.5 and 7 [160]. Therefore, HMDSN showed a higher
probability for dissociation at electron energies up to 75 eV in comparison to HMDSO.
This corresponded well with the bonding energies of HMDSO and HMDSN. As listed in
table 2.1, HMDSO was stated to to exhibit bond energies of: (i) 4.6 eV for −Si − O, (ii)
3.7 eV for −Si − C, and (iii) 4.5 eV for −C − H [59, 121, 160]. On the contrary, HMDSN
was reported to have consistently smaller bond energies: (i) 3.4 eV for −Si − N, (ii) 3.1 eV
for −Si − C, (iii) 4.3 eV for −C − H, and (iv) 4.1 eV for −N − H [107, 160]. Therefore, the
bond energy for −Si − C in HMDSN was smaller by 20% in comparison to HMDSO [160].
Comparing the −Si − N bond in HMDSN to the −Si − O bond in HMDSO, revealed
a bond energy smaller by 1.2 eV for −Si − N [160]. Furthermore, −C − H in HMDSN
exhibited a bond energy smaller by a value of 0.1 eV. However, this might be within the
confidence interval. The additional −N − H bond was stated to have a bond energy of
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Figure 7.2.: The mass spectrometer detector signal is shown for different ion fragments of HMDSO and HMDSN as a function of electron energy in the
ionizer of the mass spectrometer. Lines serve as guide for the eye.
Adapted from [160].

4.1 eV which was in the same range as for the −C − H bond. Therefore, the overall lower
bonding energies in HMDSN caused a higher probability for dissociation of the HMDSN
molecule at a given electron energy. Consequently, this resulted in higher detector signals
for the considered HMDSN fragments, as shown in figure 7.2.

7.2. Densities and depletion of neutral HMDSO and
HMDSN molecules
To give an insight into plasma chemistry and growth mechanisms of HMDSO and HMDSN
based processes, the densities of neutral precursor molecules were absolutely quantified by
MS. Corresponding deposition rates, as well as the degrees of depletion were additionally
determined.
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7.2.1. Sole HMDSO and HMDSN processes
The densities of neutral HMDSO and HMDSN molecules, as well as the deposition rates
are shown in figure 7.3 for processes solely fed by the corresponding precursor. These
organosilicon films were deposited at a pressure of 25 Pa with precursor fluxes varying
from 2 sccm to 20 sccm. The MW pulse on time was 1 ms, the off time 160 ms, and a
power of 3000 W was applied. The deposition rates were acquired within the scope of a
master thesis [269].
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Figure 7.3.: Densities of neutral HMDSO and HMDSN molecules, as well as the
corresponding deposition rates are presented for processes solely fed
with HMDSO or HMDSN as a function of the precursor flux.
As shown in figure 7.3, processes solely fed with 2 sccm of HMDSO, as well as HMDSN
exhibited the smallest molecular density of about 2.5 · 1015 cm−3 . Ascending precursor
fluxes led to densities which initially showed a rapid increase. For higher precursor fluxes
a weaker growth was observed. Consequently, a density of approximately 5.4 · 1015 cm−3
was reached for precursor fluxes of 20 sccm, as presented in figure 7.3. Notably, HMDSO,
and HMDSN showed a comparable behavior and similar densities which differed only
within the confidence interval. The deposition rates were also comparable for a precursor
flux of 2 sccm. Both precursors exhibited a deposition rate of approximately 0.27 nm
for
s
this flux. Subsequently, the deposition rates decreased for ascending precursor fluxes,
which was in accordance with the rise of molecular densities. However, the deposition
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rates of HMDSO and HMDSN based processes differed, as HMDSN exhibited higher deposition rates than HMDSO. A precursor flux of 20 sccm resulted in a deposition rate of
for HMDSO and 0.08 nm
for HMDSN, as shown in figure 7.3. With respect to the
0.03 nm
s
s
initial precursor density derived from the ideal gas law (dashed horizontal line in figure
7.3), the degree of depletion (or dissociation) is shown in figure 7.4. Due to comparable
HMDSO and HMDSN densities, the depletion of both precusors also showed a similar
degree of depletion. At low fluxes of 2 sccm, a depletion around 60% was observed. Ascending precursor fluxes resulted in a steadily decreasing degree of depletion, which was
reciprocal to the increase of the molecular densities. Thus, about 12% of the HMDSO
and HMDSN molecules were depleted at a precursor flux of 20 sccm, as shown in figure 7.4.

H M D S O
H M D S N

8 0

d e p le tio n ( % )

6 0

4 0

2 0

0
0

5

1 0

1 5

2 0

p r e c u r s o r flu x ( s c c m )
Figure 7.4.: The depletion, i.e., the degree of dissociation of HMDSO and HMDSN
molecules is shown as a function of precursor flux in processes solely
fed with HMDSO or HMDSN
The increasing density of neutral HMDSO and HMDSN molecules for ascending precursor fluxes could have been due to the violation of the homogeneity criterion which was
described in 2.2.1 (equation (2.2)). For small fluxes like 2 sccm the time for a sufficient gas
exchange was distinctly longer. Thus, the homogeneity criterion was severely violated.
However, each precursor molecule introduced into the process was exposed to several MW
plasma pulses. Hence, a fragmentation was more likely, i.e., the degree of depletion was
higher for small precursor fluxes. Hence, the measured densities were smaller, because
the acquired MS signals were an average over time (including plasma on and off time).
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In case of higher fluxes, e.g., 20 sccm, a larger quantity of precursor molecules was delivered in addition, replacing more consumed or dissociated fragments before a consecutive
plasma pulse was ignited. Thus, the observed density increased because a higher number of pristine HMDSO and HMDSN molecules was delivered into the process although
the pressure was kept constant. Nevertheless, a higher deposition rate was observed for
HMDSN based coatings. This could have been due to dissociation processes of HMDSN
which led to smaller fragments. Therefore, one HMDSN molecule could have contributed
to more than just one incorporated silicon oxide unit, which was stated for HMDSO [161].
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Figure 7.5.: Methane densities in processes solely fed with HMDSO or HMDSN are
shown as a function of precursor flux.
This assumption was supported by the observed methane densities which were determined
as described in section 3.1.3. The methane densities in processes solely fed with HMDSO
and HMDSN are shown in figure 7.5 as a function of the precursor flux. The CH4 densities
for both precursors showed a behavior reciprocal to the slope of the density. The HMDSO
flux ascending from 2 sccm to 20 sccm resulted in a CH4 density declining from 5.1 ·
1015 cm−3 to 1.5 · 1015 cm−3 . On the contrary, applying the same HMDSN fluxes resulted
in CH4 densities falling from 1.0 · 1016 cm−3 to 2.3 · 1015 cm−3 in HMDSN based processes,
as shown in figure 7.5. Therefore, significantly higher methane densities were observed
in HMDSN based processes supporting the assumption of a dissociation into smaller
fragments. This could be attributed to the lower bond energies reported for HMDSN,
as listed in table 2.1 and discussed in section 7.1. Notably, the methane densities were
higher by one order of magnitude in comparison to the measurements of Nave et al [164].
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However, this might have been due to the processes running in continuous wave mode
and admixing oxygen as a buffer gas in the work of Nave et al [164]. In this case,
all delivered HMDSO molecules could be consumed directly at the gas inlet and CH4
molecules could have underwent reactions with oxygen or by electron impact, as reported
in literature [272–274]. Both could have led to reduced CH4 densities in comparison to
the processes shown here.

7.2.2. Admixture of oxygen
The densities of neutral HMDSO and HMDSN molecules, as well as the deposition rates
for corresponding processes are shown in figure 7.6 a) as a function of oxygen admixture.
A constant precursor flux of 2 sccm was fed into the chamber and was combined with oxygen admixtures between 10 sccm and 200 sccm. The MW pulse on time was kept constant
at 4 ms and the MW off time was fixed to 40 ms. Therefore, the homogeneity criterion
described in section 2.2.1 (equation (2.2)) was violated for certain processes in order to
keep all process parameters constant. A MW power of 1500 W was applied at a pressure
of 25 Pa, respectively.
As shown in figure 7.6 a), increasing the oxygen admixture from 10 sccm to 200 sccm resulted in steadily decreasing precursor densities for both HMDSO and HMDSN neutrals.
This was accounted for by the dilution of the precursor gas due to progressive addition
of oxygen [160]. The density of neutral HMDSN molecules decreased from 1.1 · 1014 cm−3
to 8.0 · 1013 cm−3 for oxygen admixtures of 10 sccm and 20 sccm. The density of neutral HMDSO molecules decreased for the same oxygen admixtures from 8.1 · 1013 cm−3 to
6.1 · 1013 cm−3 . This was in good agreement with Nave et al [164], reporting a density
of approximately 1.0 · 1014 cm−3 for a cw driven MW plasma within the same setup for
significantly higher HMDSO fluxes. In comparison to HMDSO, the density of HMDSN exhibited a steeper decrease. The smallest density with a value of 1.2·1013 cm−3 was reached
for the highest oxygen admixture of 200 sccm. However, a density of 2.3 · 1013 cm−3 was
observed for HMDSO molecules in a process fed with 200 sccm oxygen.
The depletion, i.e., the degree of dissociation is presented in figure 7.6 b). HMDSO as
well as HMDSN showed a degree of dissociation of approximately 92% ± 15% for the
addition of 10 sccm and 20 sccm oxygen. Therefore, most of the neutral HMDSO and
HMDSN molecules were depleted. The degree of dissociation of HMDSO slightly decreased to 80% ± 4% for increasing oxygen admixtures up to 200 sccm. However, the
confidence interval was in the range between 20% and 30% for oxygen admixtures with
values of 50 sccm and 100 sccm. The depletion of HMDSN remained above 90% ± 25% for
up to 200 sccm admixture of oxygen [160]. As shown in figure 7.6 b), the measurement
uncertainties were relatively large, because the degree of dissociation was high, the signals
Simeas. measured during plasma processes were small. Consequently, a distinct quantification of the degree of dissociation could not be clearly identified [160]. In comparison
to HMDSO, nevertheless, HMDSN exhibited a consistently higher depletion for oxygen
admixtures ≥ 50 sccm. This behavior also correlated with the lower density of neutral
HMDSN molecules which was observed for oxygen admixtures ≥ 50 sccm in figure 7.6 a).
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Figure 7.6.: In a) the densities of neutral HMDSO and HMDSN molecules, as well
as the corresponding deposition rates are presented as a function of oxygen admixture (precursore flux 2 sccm). In b) the depletions, i.e., the
degrees of dissociation of HMDSO and HMDSN molecules are shown.
Adapted from [160].

A higher degree of dissociation for HMDSN indicated a higher consumption. This resulted
in a lower molecular density as for HMDSO [160]. The lower depletion of HMDSO for
oxygen admixtures ≥ 50 sccm was associated with the higher bond energies of HMDSO,
as listed in table 2.1 and discussed in section 7.1.
The deposition rates for corresponding processes and both precursors were acquired within
the scope of a master thesis [269] and are shown in figure 7.6 a). Deposition rates for both
HMDSO, and HMDSN steadily decreased for rising admixtures of oxygen. This was attributed to the growing dilution of precursor gas by the admixture of increasing amounts
of oxygen [160]. In comparison to HMDSO, however, HMDSN based processes exhibited
significantly higher deposition rates, which were larger by a factor of at least 1.6. Although
HMDSO based processes showed a similar degree of depletion for oxygen admixtures of
10 sccm and 20 sccm (figure 7.6 b)), the higher deposition rate for HMDSN processes was
attributed to the consistently higher depletion for oxygen admixtures ≥ 50 sccm. Additionally, lower bond energies of −Si − N in HMDSN in comparison to −Si − O in HMDSO
could have resulted in a higher amount of smaller HMDSN fragments [160]. Consequently,
a higher amount of silicon containing species might have been present. Because larger,
as well as smaller fragments like Si − (CH3 )x were stated to govern the film growth, a
larger quantity of species contributing to film growth might have adhered to the surface in
HMDSN based processes [160]. In case of HMDSO, Reuter et al [161] assumed that one
HMDSO molecule contributed to only one SiOx unit. This assumption takes into account
that Si containing species may be lost due to surface or gas phase reactions. Therefore, it
might not contribute to film growth on the substrate [160]. On average, the production
of smaller fragments for HMDSN based processes could have led to a contribution larger
than the deposition of only one SiOx unit per HMDSN molecule [160]. Therefore, the
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overall higher deposition rate in case of HMDSN based processes might have correlated
with the higher depletion and the possible fragmentation into smaller fragments.
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Figure 7.7.: The mass spectrometer detector signal is shown for C2 H5 and C2 H3 in
HMDSO and HMDSN based processes as a function of oxygen admixture. Lines serve as guide for the eye.
The latter was supported by the measurement of smaller reaction products, like C2 H5
and C2 H3 , in HMDSN and HMDSO based processes. Figure 7.7 shows the detector signal
of C2 H5 , and C2 H3 reaction products as a function of oxygen admixture in HMDSO and
HMDSN based processes. Both can be produced by reactions with typical products in the
gas phase or at the surface. For instance C2 H5 was stated to be produced in the following
reaction [275]:
2CH3 −→ C2 H5 + H .

(7.1)

Whereas, C2 H3 was reported to emerge, e.g., from [276]
C2 H4 + OH −→ C2 H3 + H2 O .

(7.2)

Therefore, both products served as an exemplary indicator for the number of reactions
that were taking place within this reaction channel, as this depends on the number of
contributing fragments. As shown in figure 7.7, the signal of considered species steadily
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decreased for rising admixtures of oxygen, due to the dilution of the precursor gas by the
admixture of oxygen. In HMDSO based processes, C2 H5 , as well as C2 H3 exhibited consistently smaller signals as corresponding reaction products in HMDSN based processes.
In HMDSN based processes the C2 H3 signal was higher than in HMDSO processes by a
factor of at least 1.4. The difference in signal intensity for C2 H5 between HMDSO and
HMDSN was distinctly smaller. However, the detector signal was still higher by a minimal
factor of 1.1. Therefore, the consistently higher numbers for C2 H5 , and C2 H3 in HMDSN
based processes were presumably caused by the larger number of smaller fragments which
could contribute to the corresponding reaction channels as a result of the higher degree
of fragmentation, as also observed in section 7.2.1. Hence, (i) the higher probability for
dissociation of HMDSN at a given electron energy, as discussed in section 7.1, (ii) the
lower density of HMDSN molecules, as well as (iii) the higher detector signals for C2 H5
and C2 H3 in HMDSN based processes supported the statement of a higher depletion, i.e.,
a higher degree of dissociation for neutral HMDSN molecules.

7.3. Influence of precursor selection
The influence of precursor (HMDSO or HMDSN) selection on the barrier performance
was analyzed by measurements of the OTR, and was accompanied by investigations on
the morphology and chemical structure by AFM, FTIR and XPS.

7.3.1. Barrier performance and morphology
The OTR of barrier coatings (including 5 s of Ar pretreatment, 1 nm interlayer, and barrier layer) is shown in figure 7.8 a) for HMDSO and HMDSN based processes as a function
of barrier layer thickness on PET RD 23. The interlayer was deposited at a pressure of
25 Pa with a precursor flux of 2 sccm, a MW pulse on time of 1 ms, an off time of 160 ms,
and an applied power of 3000 W. The barrier layers were deposited at a pressure of 25 Pa
with a precursor flux of 2 sccm, an oxygen flux of 200 sccm, a MW pulse on time of 4 ms,
an off time of 40 ms, and an applied power of 1500 W. An interlayer deposited by one
precursor was combined with a barrier layer of the same precursor, respectively. The pretreatment was performed similar to the barrier layer process, however, feeding 200 sccm
Ar into the chamber instead of precursor gas and oxygen.
As shown in figure 7.8 a), the OTR for both HMDSO and HMDSN based barrier coatings
exhibited a severe decrease for rising barrier layer thicknesses. Beginning at a barrier
3
cm3
layer thickness of 2.5 nm, the OTR decreased from approximately 70 mcm
2 day to 4.7 m2 day
for an HMDSN barrier layer thickness increasing to 14 nm. The OTR for HMDSO based
3
barrier coatings decreased to 11.7 mcm
Subse2 day for a barrier layer thickness of 14 nm.
quently, the decrease proceeded less strongly for both precursors. For barrier layers with
larger thicknesses up to 50 nm both HMDSO, as well as HMDSN based barrier coatings
3
approached a steady state. HMDSN based coatings showed a minimal OTR of 1.0 mcm
2 day
at a barrier layer thickness of 50 nm. On the contrary, HMDSO based coatings exhibited
3
a minimal OTR of 3.5 mcm
2 day for the same thickness, being higher by a factor of 3.5 in
comparison to HMDSN. The observed behavior was in good agreement with the critical
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b)

a)

Figure 7.8.: The OTRs of HMDSO and HMDSN based barrier coatings (including
5 s of Ar pretreatment, 1 nm interlayer, and barrier layer) are shown in
a) as a function of barrier layer thickness and in b) as a function of
oxygen admixture (thickness of barrier layer: 30 nm). The dashed lines
indicate the reference OTR of pristine PET RD 23. The solid lines
serve as guide for the eye. Adapted from [160].

thickness of 15 nm reported by da Silva Sobrinho et al [67] for SiOx coatings on PET.
Therefore, the selection of HMDSO or HMDSN as precursor gas did not influence the
observed critical thickness. However, consistently lower OTRs were observed for HMDSN
based coatings with barrier layer thicknesses ≥ 2.5 nm. Therefore, a better barrier performance was the result. This could be attributed to the higher depletion of HMDSN, as
discussed in section 7.2. The presumably higher quantity of smaller HMDSN fragments
could have caused differences in morphology, chemical structure. Thus, a higher degree
of cross-linking of the SiOx network could have been the result. Hence, this could have
resulted in an improved barrier performance.
Furthermore, the barrier layer deposition was performed for varying oxygen admixtures.
The OTRs of HMDSO and HMDSN based coatings for barrier layers (30 nm thickness)
deposited with varying oxygen admixtures are shown in figure 7.8 b) (including 5 s Ar
pretreatment and 1 nm interlayer). Adding no oxygen or only small amounts of oxygen
3
(2 sccm) to a HMDSO process resulted in a coating with an OTR of about 68.0 mcm
2 day .
Therefore, no significant barrier performance was observed. Adding 10 sccm and 20 sccm
oxygen to HMDSO based barrier layer processes, however, resulted in a significant barrier
3
cm3
performance. The OTR decreased to 6.0 mcm
2 day and further to 4.7 m2 day corresponding to
a BIF of 13 and 16, respectively. Adding between 50 sccm and up to 200 sccm oxygen to
HMDSO based barrier layer depositions, first, resulted in a further fall of OTR [160]. Sub3
sequently, the OTR approached a steady state around 3.0 mcm
2 day [160]. Exhibiting OTRs
3

3

cm
between 64.0 mcm
2 day and 70.9 m2 day , HMDSN based barrier coatings showed a weak barrier
performance for oxygen admixtures of 2 sccm, and 10 sccm. For an admixture of 20 sccm
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Figure 7.9.: AFM (TMC, iii) images of HMDSO and HMDSN based coatings deposited on Si for different oxygen admixtures. For HMDSO, oxygen
admixtures of a) 0 sccm, c) 2 sccm, and e) 200 sccm were considered.
The same oxygen admixtures were used for HMDSN based processes
in: b) 0 sccm, d) 2 sccm, and f) 200 sccm. Redrawn from [160].

3

oxygen [160]. The OTR decreased to 48.7 mcm
2 day when 20 sccm oxygen were added during
barrier layer deposition. However, the barrier improvement was still small. The decrease
3
of OTR rapidly proceeded to a value of 5.0 mcm
2 day for an oxygen admixture of 50 sccm. A
further increase of oxygen admixture up to 200 sccm resulted in a steady state with an
3
OTR of about 1.8 mcm
2 day . Therefore, the barrier performance was improved by a factor of
42. In contradiction to the results reported by Steves and the results discussed in section
5.4, a significant barrier performance was already observed for HMDSO based processes
with an oxygen admixture of 10 sccm corresponding to an oxygen to HMDSO ratio of 5.
According to section 5.4, an oxygen to HMDSO ratio of ≥ 50 was necessary to achieve a
significant barrier improvement in sole MW processes. However, the homogeneity criterion was violated for the depositions presented within this section. Therefore, a complete
gas exchange was not accomplished before subsequent plasma pulses were ignited. Thus,
the plasma chemistry and film deposition were different in comparison to processes which
fulfilled the homogeneity criterion. In comparison to the results in section 4, the depletion of HMDSO was significantly higher (cf. section 7.2.2), since each HMDSO molecule
could have been exposed to several plasma pulses before it was lost to the pumps. Hence,
oxidation processes during film growth were more likely to occur per HMDSO molecule,
respectively. Thus, a high degree of oxidation, and cross-linking was also achieved for low
oxygen to HMDSO ratios, and caused a significant barrier improvement.
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AFM (TMC, iii) images of HMDSO and HMDSN based coatings are shown in figure 7.9
for varying oxygen admixtures. The coatings were deposited on Si wafers. As shown in
figure 7.9, a granular-like structure was observed independent of the oxygen admixture.
HMDSO and HMDSN coatings deposited without admixture of oxygen exhibited a root
mean square (RMS) roughness of 4.0 nm (figure 7.9 a), HMDSO) and 9.4 nm (figure
7.9 b), HMDSN) [160]. In HMDSN based coatings, grains with average diameters of
about 120 nm were observed. On the contrary, grains in HMDSO based coatings showed
average diameters of approximately 70 nm. Therefore, the size of grains in HMDSN based
coatings were observed to be significantly higher in comparison to grains in HMDSO based
coatings. A decreasing RMS roughness was observed for increasing the oxygen admixture
to 10 sccm for HMDSO as well as HMDSN based processes (cf. figure 7.9 c) and d)). A
RMS roughness of 2.5 nm was observed for HMDSO and a roughness of 2.2 nm for HMDSN
based coatings. However, the diameter of grains remained approximately the same [160].
Furthermore, adding 200 sccm oxygen resulted in a further, slight decrease of roughness.
As shown in figure 7.9 e) and f), roughnesses of 2.0 nm were observed for HMDSO and
HMDSN based coatings, respectively. The variations in morphology were influenced by
differing film forming species and nucleation mechanisms [160]. This could have been
caused by the higher depletion, smaller fragments and higher deposition rates in case of
HMDSN based coatings. In particular, a larger number of smaller fragments adhering
to the surface could have led to an increased surface energy. Therefore, a surface energy
reduction driven by thermodynamic forces could have led to the reduction of surface area.
Hence, grains with lager diameters might have been the result in case of HMDSN based
barrier layers.

7.3.2. Chemical structure
As reported by Plog et al [88] and Steves et al [71], the chemical structure. Hence,
the barrier performance of silicon oxide based barrier films is influenced by the applied
oxygen to precursor ratio, i.e., the oxygen admixture. Therefore, the chemical composition was analyzed by FTIR spectroscopy for HMDSO and HMDSN coatings deposited
with varying oxygen admixtures. The corresponding FTIR spectra are shown in figure
7.10. As described in section 3.2.6, and summarized in table 3.2, Si−OH was observed
at 930 cm−1 , Si−O−Si vibrational modes at 1062 cm−1 , and Si−CH3 bending modes at
1277 cm−1 [160]. As shown for HMDSO based coatings in figure 7.10 a), Si−O−Si, as
well as Si−OH peaks were observed. However, the coatings exhibited no carbon related
peaks, like Si−CH3 vibrations, for oxygen admixtures ≥ 10 sccm [160]. This indicated
almost carbon free coatings. As discussed in section 7.3.1 with respect to figure 7.8, this
correlated to a significant barrier performance with a BIF of 12.6. However, when 2 sccm
of oxygen were added to HMDSO processes, Si−CH3 and CH3 peaks were observed (figure
7.10 a)). Furthermore, this coincided with a minor barrier performance exhibiting a BIF
of 1.1 [160]. This was in accordance with literature stating significant barrier improvements only for coatings which were free of carbon [37, 71, 160].
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Increasing the oxygen admixtures from 2 sccm to 200 sccm resulted in a shift of the
Si−O−Si peak from 1040 cm−1 to 1070 cm−1 . This indicated an improving cross-linking.
However, for oxygen admixtures of ≥ 10 sccm, the shift of the Si−O−Si peak, as well as
other changes in the FTIR spectra were only minor. With respect to figure 7.8, this cor3
related with the stable OTR below 7 mcm
2 day . Therefore, it showed a significant barrier performance [160]. On the contrary, carbon related peaks were clearly identified for HMDSN
based coatings deposited with admixtures of up to 20 sccm of oxygen, as presented in
7.10 b). Various carbon related peaks were observed: Si−CH3 peaks at 1277 cm−1 , and
between 850 cm−1 and 900 cm−1 , as well as CH3 stretching modes at 2970 cm−1 . Notably,
this was in congruence with the OTR of HMDSN based coatings deposited with oxygen
admixtures of ≤ 20 sccm, as these only exhibited a low barrier performance (cf. figure 7.8
b)). This was caused by the residual carbon content, which impeded cross-linking of the
silicon oxide network and the resulting barrier performance [37, 71, 160]. Similar to the
behavior for HMDSO based coatings, the Si−O−Si shifted for rising oxygen admixtures.
Consecutive addition of 2 sccm, 10 sccm and up to 200 sccm of oxygen caused the Si−O−Si
peak to shift from 1040 cm−1 to 1060 cm−1 and finally to 1072 cm−1 . As shown in figure
7.10 b), the shift was particularly distinct for oxygen admixtures of 2 sccm, 10 sccm and
20 sccm [160]. This indicated an improving cross-linking, and was also in congruence with
the decreasing OTR for such coatings (figure 7.8 b)). For the given oxygen admixtures
≤ 20 sccm, the OTR was still comparably high but started to decrease.

a)

b)

Figure 7.10.: FTIR spectra of HMDSO based barrier coatings are shown in a), and of
HMDSN based barrier coatings in b) as a function of oxygen admixture
between 3100 cm−1 and 800 cm−1 . Spectra are shifted vertically for
reasons of clarity. Adapted from [160].
Besides FTIR spectroscopy, the chemical structure of deposited coatings was additionally analyzed by XPS. The relative peak areas of Si2p, O1s and C1s peaks were used
for quantification of the atomic concentration of silicon, oxygen and carbon, as presented
in figure 7.11 a). Independent of the precursor selection or the oxygen admixture, the
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silicon content remained stable around 24% [160]. Only if no oxygen was admixed did
the coatings exhibit a smaller silicon concentration of 22% [160]. On the contrary, the
carbon content varied for different oxygen admixtures. In case of HMDSO based coatings,
a carbon content of 31% was present if no oxygen was admixed. Increasing the oxygen
admixture to 10 sccm and even higher admixtures resulted in a fall to a carbon content
of 6%, and subsequently, to a carbon content of 4%. The carbon content remained stable
around 4%. Therefore, a residual carbon content was observed by XPS, independent of
the oxygen admixture. This was assigned to the presence of adventitious carbon resulting from exposure to ambient air. FTIR spectroscopy supported this assumptions, as
no carbon related peaks were identified under the same conditions, and because FTIR
spectroscopy acquired its signal by penetrating the whole coating [160].

However, a residual carbon content was also observed by XPS after sputtering the sample
with argon ions for 18 s, as shown in appendix B.6. Subsequent to sputtering, a carbon
content of approximately 0.8% was still present. Therefore, the residual carbon content
shown in figure 7.11 a) was governed by adventitious carbon [160]. However, minor carbon
content might still have been contained in the coating [160]. In comparison to the behavior
of the carbon content, the oxygen content showed a reciprocal progression. HMDSO based
coatings deposited without oxygen admixture showed an oxygen content of 47%. First,
adding 10 sccm of oxygen led to a rapid rise of oxygen concentration to 69%. As shown in
figure 7.11 a), a further increase of oxygen admixture to 50 sccm only resulted in a slight
increase to an oxygen content of 71%. The increasing oxygen concentration indicated an
enhancing degree of oxidation for the deposited films. However, admixing higher amounts
of oxygen did not lead to higher oxygen contents. The oxygen concentration reached a
steady state and remained above 70%, as presented in figure 7.11 a). However, HMDSO
based coatings did not exhibit any nitrogen incorporation [160]. The observed increase of
oxygen concentration, as well as the falling carbon concentration was in accordance with
the improved barrier performance shown in figure 7.8 b) for corresponding coatings.

As shown in figure 7.11 a), the composition of HMDSN based coatings exhibited a similar behavior. If no oxygen was admixed, a carbon concentration of 35% was identified.
Increasing the amount of added oxygen to 10 sccm caused a severe decline of the carbon
concentration to 11%. The carbon concentration fell further to 5% for oxygen admixtures
up to 50 sccm. Subsequently, the carbon content decreased only slightly to 4% when up to
200 sccm oxygen was admixed. The residual carbon concentration observed by XPS was
likewise mainly attributed to adventitious carbon [160]. Since carbon related peaks were
not observed by FTIR for oxygen admixtures ≥ 50 sccm, this supported the assumption
that adventitious carbon mainly contributes to the residual carbon signal in XPS [160].
However, minor concentrations of carbon could still have been contributing to the XPS
signal, as shown in appendix B.6 and discussed in the latter paragraph. In comparison to
HMDSO, a higher carbon concentration was observed for ≤ 100 sccm oxygen admixtures.
This was in good agreement with the carbon related vibrational modes observed by FTIR
spectroscopy for oxygen admixtures of 10 sccm and 20 sccm, as presented in figure 7.10
b). Additionally, this was in congruence with the decline of OTR, shown in figure 7.8 b).
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Therefore, carbon free coatings were observed to be beneficial for the barrier performance
of SiOx coatings [160].
However, coatings deposited in processes solely fed with HMDSN still exhibited a significant oxygen content of 42%, although the HMDSN molecule does not contain any
oxygen. Therefore, the present oxygen concentration was presumably due to impurities
in the chamber or due to post oxidation processes. With respect to the oxygen concentration, first, a rising content was observed. Increasing the oxygen admixture from 0 sccm
to 10 sccm led to a growth from 42% to 65%. However, a weaker increase was observed
for higher oxygen admixtures. An oxygen content of 70% was observed for an oxygen
flux of 50 sccm and a further increase to 200 sccm resulted in only a slight growth to 71%.
The rising oxygen content indicated an advancing degree of oxidation. Thus, it was in
good agreement with the FTIR spectra which showed an enhancing cross-linking [160].
This coincided with the improvement of barrier performance observed for HMDSN based
coatings, as shown in figure 7.8 b). However, the morphology of deposited films varied
with the admixture of oxygen, differences between HMDSO and HMDSN based coatings were present, and HMDSN based coatings exhibited a higher barrier performance
for ≥ 100 sccm [160]. Besides the degree of oxidation and cross-linking, the different
morphology might have had a beneficial impact on the resulting OTR. The adsorption
of oxygen molecules on the surface could have been impeded by the reduction of the effective surface area, as discussed in section 7.3.1. Coatings which based on the nitrogen
containing HMDSN also exhibited a slight nitrogen content for low oxygen admixtures up
to 20 sccm. As shown in figure 7.11 a), adding no oxygen to an HMDSN based process led
to a nitrogen concentration of 1.8%. Subsequently, the nitrogen content decreased rapidly
to 0.3% for an oxygen flux of 20 sccm and vanished for even higher oxygen admixtures.
With respect to oxygen admixtures of 10 sccm and 20 sccm, HMDSN based coatings exhibited higher carbon concentrations, as also observed by FTIR spectroscopy in figure
7.10. The higher degree of depletion, and the larger number of smaller fragments might
have resulted in an increased quantity of silyl radicals, which were reported to contribute
to film growth [109,160]. Therefore, the fraction of incorporated methyl groups could have
been higher than for HMDSO based coatings [160]. Thus, a larger quantity of oxygen had
to be admixed to HMDSN based processes in order to achieve a similar level of oxidation
compared to HMDSO based coatings.
High-resolution spectra of Si2p, C1s and O1s peaks were performed by XPS. Figure 7.11 b)
shows the relative area of Si2p components fitted in the acquired high-resolution spectra.
Relative peak areas of approximately 43% for Si(−O)4 and 39% Si(−O)3 were identified
for processes solely fed with HMDSO or HMDSN [160]. Furthermore, the Si2p spectra
exhibited 19% Si(−O)2 and 2% Si(−CH3 )4 or (CH3 −)Si(−NH2 )1 , respectively. The relative area of the Si(−O)4 component showed a tremendous rise to 97% when 10 sccm
were added to HMDSO processes. Subsequently, it reached a steady state and remained
above this value for an additional admixture of oxygen [160]. Furthermore, the Si(−O)3
component showed a reciprocal behavior, and it dropped to 3%. The relative area of the
Si(−O)3 component remained at this value for oxygen admixtures up to 200 sccm [160].
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a)

b)

Figure 7.11.: The atomic concentrations of silicon, oxygen, carbon, and nitrogen are
shown in a) and the relative areas of components in the Si2p peakfit
are shown in b) as a function of oxygen admixture. Concentrations
were determined by considering relative peak areas of Si2p, O1s and
C1s peaks. Lines serve as guide for the eye. Adapted from [160]
Both indicated the silica-like structure of the deposited coating and coincided with the
similar drop of OTR (cf. figure 7.8 b)), i.e., the improving barrier performance. Furthermore, the Si(−O)2 , and the Si(−CH3 )4 or (CH3 −)Si(−NH2 )1 components disappeared if
oxygen was added to the process [160]. The decline of the relative area of Si(−O)2 and
Si(−O)3 components revealed a decreasing degree of lower oxidized states. Conversely, the
rising Si(−O)4 component showed the increasing degree of oxidation, and the enhancing
cross-linking. Therefore, the statement of an improved cross-linking observed by FTIR
spectroscopy (cf. figure 7.10 a)) was supported by this results. Thus, the decreasing OTR
(cf. figure 7.8 b)) could be attributed to the behavior of the cross-linking which showed
a congruent improvement.
A similar behavior was observed for Si(−O)2 , and Si(−CH3 )4 or (CH3 −)Si(−NH2 )1 components in HMDSN based coatings, as shown in figure 7.11 b). These components vanished
for oxygen admixtures of 10 sccm and 20 sccm. The Si(−O)3 component decreased, but
reached a plateau for relative areas between 15% and 16%. On the contrary, the Si(−O)4
component increased to a plateau between 83% and 85%. Compared to HMDSO based
processes, the achieved cross-linking was presumably lower if 10 sccm and 20 sccm were
admixed to HMDSN processes. However, this was also in congruence with the barrier performance shown in figure 7.8 b), since HMDSN based coatings showed significantly higher
OTRs for oxygen fluxes of 10 sccm and 20 sccm. If more oxygen was added, the Si(−O)4
and Si(−O)3 peaks showed a behavior similar to that of HMDSO based processes. The
Si(−O)4 component rose to a relative area of 97% and the Si(−O)3 component declined
to 3%. Both reached a steady state and remained around 97% and 3%, respectively.
This behavior indicated the enhanced degree of cross-linking for higher oxygen admixtures [160]. Additionally, it was in good agreement with the progression of the OTR (cf.
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figure 7.8 b)), showing a high barrier performance for oxygen admixtures of ≥ 50 sccm.
This result also supported the enhanced cross-linking which was indicated by the shift of
Si−O−Si vibrational modes in FTIR spectra (figure 7.10 b)) [160].

c o a tin g d e n s ity ( g /c m

3

)

As aforementioned, both HMDSO
and HMDSN based coatings showed
residual Si(−O)3 components. ThereH M D S O
H M D S N
fore, the contained silicon was not
3
entirely bound to oxygen [160].
However, silicon had to be saturated with a forth bond. On
2
the one hand, a negligible carbon
content was observed by XPS and
FTIR spectroscopy for HMDSN
1
based coatings deposited with oxygen admixtures ≥ 50 sccm, and for
HMDSO based coatings with oxy0
0 s c c m
2 0 0 s c c m
gen admixtures ≥ 10 sccm. On the
o
x
y
g
e
n
f
l
u
x
other hand, bonds related to silicon to hydrogen or silicon to nitrogen bonds could not be identi- Figure 7.12.: Film densities of HMDSO and
fied. Since silicon required a fourth
HMDSN based coatings deposited
bond, a deprotonation of hydroxy
without oxygen admixture and with
groups at the surface was supposed
admixture of 200 sccm.
[160, 264, 265], as discussed in section 6. Compared to Si(−O)4 , the
deprotonation caused a shift towards lower binding energies. Therefore, it resulted in an
additional Si(−O)3 component [160]. Hence, the forth bond of silicon was saturated by
deprotonated hydroxy groups (O− −)Si(−O)3 , as described in equation (6.5).

7.3.3. Film density
The film densities of HMDSO and HMDSN based coatings are shown in figure 7.12 for
different oxygen admixtures. A process solely fed with HMDSO resulted in a coating
with a density of 1.1 cmg 3 . If no oxygen was admixed to a HMDSN process, the density
of the resulting coating was slightly higher and exhibited a density of 1.3 cmg 3 . Adding
200 sccm oxygen to a HMDSO process led to coatings with a density of 2.8 cmg 3 , which was
in good agreement with literature [255, 256]. However, coatings deposited in a HMDSN
process with the same oxygen admixture showed a slightly higher density with a value of
3.1 cmg 3 . Therefore, HMDSN based processes consistently resulted in film densities that
were higher than for HMDSO based coatings.
This result also supported the statement of a higher degree of depletion of HMDSN which
resulted in smaller fragments, as also observed in section 7.2.1. Consequently, this could
have led to a densification of the resulting film, since voids might have been closed by
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smaller fragments. Overall, coatings deposited with oxygen admixtures of 200 sccm exhibited significantly higher densities than coatings without admixture of oxygen. Therefore,
the oxidation of film forming species led to a severe densification of the coatings if oxygen
was admixed. In case of processes driven without an admixture of oxygen, organosilicon
molecules contributed to film growth and no additional cross-linking was induced by oxidative processes. Therefore, voids might have been caused during film growth resulting
in a significantly lower film density.

7.4. Effect of HMDSO and HMDSN interlayers on PET
and PP
As discussed in chapter 4, the application of organosilicon interlayers can be beneficial
for the subsequent deposition of barrier films. However, HMDSO, as well as HMDSN
could be used for the deposition of an organosilicon interlayer. To evaluate the effect of
interlayers produced from both precursors, the chemical structure was analyzed by FTIR
spectroscopy and XPS. Additionally, interlayers from both precursors were combined with
barrier layers on PET RD 23 and PP TNS 30 foils, respectively, and the OTR was
determined to evaluate the synergistic barrier performance. Furthermore, the adhesion of
corresponding barrier coatings were analyzed by measurement of the bond strength.

7.4.1. Chemical structure of HMDSO and HMDSN interlayers
XPS survey spectra of interlayers deposited by HMDSO and HMDSN processes are shown
in figure 7.13 a). As described in 7.3.1, the interlayers were deposited at a pressure of
25 Pa with a precursor flux of 2 sccm. The MW pulse on time was 1 ms, the off time
160 ms, and a power of 3000 W was applied. As shown in figure 7.13 a), Si2p, C1s and
O1s peaks were observed for interlayers produced by both precursors. Notably, an O1s
peak was also present for interlayers deposited by HMDSN, which does not exhibit oxygen
bonds. Furthermore, the observed nitrogen concentration was minor (cf. figure 7.11). On
the one hand, this could be attributed to impurities in the chamber (e.g. H2 O), which
might have served as a source for oxygen [160]. On the other hand post oxidation processes might have occurred after exposing the samples to ambient air [160].
The FTIR spectra of HMDSO and HMDSN based interlayers are shown in figure 7.13 b).
Si−O−Si peaks were observed at 1048 cm−1 , Si−CH3 at 1265 cm−1 and Si−C stretching
from 800 cm−1 to 880 cm−1 for both interlayers [160]. However, HMDSN interlayers exhibited more pronounced vibrational modes which were related to carbon [160]. This is
in accordance with XPS measurements showing a higher carbon concentration (cf. figure
7.11). Additionally, it supported the suggestion of a higher quantity of carbon containing
fragments which contributed to film growth [160]. Vibrational modes that were related to
nitrogen bonds, like Si−N−Si at 1179 cm−1 or N−H at 930 cm−1 could not be identified
clearly [160].
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a)

b)

Figure 7.13.: XPS survey spectra of HMDSO and HMDSN based interlayers are
shown in a). In b) the corresponding FTIR spectra is presented in the
range between 1400 cm−1 and 700 cm−1

7.4.2. Barrier performance
Barrier layers were deposited after an Ar pretreatment for 5 s on PET RD 23, for 3 s on
PP TNS 30, and after the deposition of an interlayer with varying thickness. The barrier
layers were deposited at a pressure of 25 Pa with a precursor flux of 2 sccm, an oxygen
flux of 200 sccm, a MW pulse on time of 4 ms, an off time of 40 ms, and an applied power
of 1500 W. The barrier layer had a thickness of 30 nm on PET RD 23 and of 17 nm on PP
TNS 30. The pretreatment was performed similar to the barrier layer process, with the
difference of feeding 200 sccm Ar into the chamber instead of precursor gas and oxygen.
A barrier layer deposited by one of the used precursors was combined with interlayers
produced by both, respectively.
The barrier performance, i.e., the OTR of applied barrier coatings deposited on PET RD
23 is shown in figure 7.14 as a function of interlayer thickness. In particular, O2 /HMDSO
based barrier layers were combined with HMDSO and HMDSN based interlayers. In contrast, O2 /HMDSN barrier layers were also combined with HMDSO and HMDSN based
interlayers, respectively. On PET RD 23, the highest OTR was observed for a O2 /HMDSO
3
barrier layer without previous deposition of an interlayer. In this case an OTR of 8.0 mcm
2 day
was present. Previous application of HMDSO and HMDSN based interlayers led to a sig3
cm3
nificant decrease of OTR. The OTR drops to 5.1 mcm
2 day for HMDSO and to 2.5 m2 day for
HMDSN based interlayers both with a thickness of 1 nm. A further increase of interlayer
thickness resulted in a constantly decreasing OTR. However, the decrease became weaker
and approached a steady state. Barrier coatings consisting of an O2 /HMDSO barrier layer
3
and a HMDSO based interlayer exhibited a minimal OTR of 2.4 mcm
2 day for an interlayer
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3

thickness of 10 nm. On the contrary, an OTR of 2.0 mcm
2 day was observed for the same
barrier layer on HMDSN based interlayers with a thickness of 10 nm.
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Figure 7.14.: OTRs of HMDSO and HMDSN barrier coatings deposited on PET RD
23. O2 /HMDSO and O2 /HMDSN barrier layers were combined with
HMDSO and HMDSN interlayers of varying thickness, respectively.
Lines serve as guide for the eye. Adapted from [160].

In comparison to O2 /HMDSO layers, HMDSN based barrier films exhibited distinctly
3
improved barrier performances. In particular, an OTR of 1.8 mcm
2 day was already observed
for O2 /HMDSN coatings deposited without previous deposition of an interlayer. In case
3
of HMDSN based interlayers, a slight decrease to a minimal OTR of 1.1 mcm
2 day was identified for thicknesses of 1 nm and 2 nm. However, a further increase of HMDSN interlayer
3
thickness resulted in a slight increase of OTR to 1.5 mcm
2 day at a thickness of 10 nm [160].
The combination of O2 /HMDSN based barrier layers with HMDSO based interlayers, also
3
caused a decrease of OTR to 0.7 mcm
2 day for an interlayer thickness of 1 nm and 2 nm, as
shown in figure 7.14. Therefore, a slightly lower OTR was observed in comparison to
barrier coatings based on O2 /HMDSO barrier layers. Similar to the behavior of HMDSN
based interlayers combined with O2 /HMDSN barrier layers, a slight rise to an OTR of
3
1.3 mcm
2 day was observed for HMDSO based interlayers with thicknesses up to 10 nm.
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The OTR of barrier coatings applied to PP TNS 30 is shown in figure 7.15 as a function of
interlayer thickness. In particular, O2 /HMDSO based barrier layers were combined with
HMDSO, and O2 /HMDSN barrier layers with HMDSN based interlayers. HMDSO based
barrier coatings on PP TNS 30 showed a behavior comparable to that on PET RD 23.
3
As shown in figure 7.15, the highest OTR of 478.3 mcm
2 day was determined without previous deposition of an interlayer. An increase of interlayer thickness to 5 nm resulted in a
3
minimal OTR of 219.5 mcm
2 day . A further increase of interlayer thickness to 10 nm resulted
3

in a slight increase of about 10% to a value of 241.3 mcm
2 day [160]. However, this was within
the confidence interval [160]. A distinctly improved barrier performance was observed
for HMDSN based barrier layers even if no previous interlayer was deposited. Notably,
3
the lowest OTR with a value of 43.0 mcm
2 day , i.e., a BIF of about 30 was observed without
application of an interlayer. A previous deposition of HMDSN based interlayers with a
thickness of 1 nm led to a rising OTR. This growth constantly proceeded with increasing
interlayer thickness. As shown in figure 7.15, a 10 nm HMDSN based interlayer resulted
3
in the highest OTR of 84.8 mcm
2 day .
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Figure 7.15.: OTRs of HMDSO and HMDSN barrier coatings deposited on PP TNS
30 as a function of interlayer thickness. O2 /HMDSO barrier layers
were combined with HMDSO based interlayers, and O2 /HMDSN layers were combined with HMDSN based interlayers. Lines serve as
guide for the eye. Adapted from [160].
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The significantly enhanced barrier performance of HMDSN based coatings was ascribed
to the higher degree of depletion and the higher number of small fragments contributing
to film growth [160]. This could have been beneficial for the barrier properties of applied
coatings, e.g., by reducing the mechanical stress of the coatings. Furthermore, HMDSN
based processes exhibited higher deposition rates, and a larger fraction of film forming
species incorporating carbon into the growing layer. Therefore, this might have led to
an effective protection of the underlying polymer surface during O2 /HMDSN processes,
even if no interlayers were applied previously [160]. Higher deposition rates, in addition
to the larger fraction of smaller fragments, achieved a fully closed film in a shorter period of time. Furthermore, the fragments which contributed to film growth incorporated
a higher concentration of carbon [160]. Therefore, HMDSN based coatings could have
served as an effective scavenger for reactive oxygen [55, 58, 160]. Consequently, this could
have hampered the formation of a weak boundary layer, as well as low molecular weight
oxidized material (LMWOM) on the surface, and additionally, etching of the polymer
surface during oxygen diluted deposition processes might have been impeded [160]. Thus,
the film growth in O2 /HMDSN processes could have been capable of protecting the polymer surface sufficiently, whereas, an organosilicon interlayer was necessary for protection
in O2 /HMDSO processes [160]. On PET RD 23, the deposition of an HMDSN based
interlayer with a thickness of 1 nm was beneficial for the barrier performance. However,
the OTR increased for ascending (HMDSN) interlayer thicknesses on PP TNS 30 and also
on PET RD 23 after reaching a minimum, as shown in figure 7.14, and figure 7.15. Presumably, this was caused by rising intrinsic mechanical stresses which evolve during film
growth, as stated in literature [84, 88, 160]. Hence, this could have caused the formation
of cracks in the coatings reducing the resulting barrier performance [88, 160].

7.4.3. Adhesion on PP
The adhesion of HMDSO and HMDSN based barrier coatings on PP TNS 30 was determined by pull-off tests. The bond strength is shown in figure 7.16 as a function of
interlayer thickness. An Ar pretreatment was applied for 3 s previous to the deposition
of an interlayer and a barrier layer. As shown in figure 7.16, HMDSN based coatings
N
N
showed a decreasing bond strength from around 1.9 mm
2 without interlayer to 1.7 mm2 for
an interlayer with a thickness of 1 nm. An ascending interlayer thickness up to 10 nm
N
led to a steady rise of bond strength to 2.2 mm
2 . On the contrary, HMDSO based coatings exhibited an inverse behavior. First, an increase of bond strength was observed from
N
N
about 1.3 mm
2 without interlayer to 1.4 mm2 for HMDSO based interlayers with a thickness
of 1 nm. Furthermore, a continuing rise of HMDSO interlayer thicknesses up to 10 nm
N
resulted in a slight decline to a bond strength of about 1.2 mm
2 . However, these values
corresponded well to the bond strengths reported in literature for similar coatings on PP,
e.g. by Behm et al [44] and Jaritz et al [277, 278].
Overall, HMDSO based coatings exhibited lower bond strengths on PP TNS 30 in comparison to HMDSN based coatings. This could have been due to the observed differences
in plasma chemistry and deposition mechanisms [160, 277]. As stated in literature [277],
an enhanced adhesion of silicon oxide coatings on polymers could be ascribed to a com-
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Figure 7.16.: Bond strength between HMDSO and HMDSN based barrier coatings
and the pretreated PP TNS30 foil as a function of interlayer thickness.
O2 /HMDSO barrier layers were combined with HMDSO based interlayers, and O2 /HMDSN layers were combined with HMDSN based
interlayers. Lines serve as guide for the eye. Adapted from [160].
pensation of residual stress in SiOx coatings by the application of an organosilicon interlayer [160]. Therefore, differences in the adhesion of HMDSO and HMDSN based coatings
might be due to different deposition mechanisms or nucleation behaviors leading to varying intrinsic stresses [160]. Consequently, an improved adhesion in case of HMDSN bases
coatings could have been caused by lower intrinsic stresses. Under the assumption of
higher stresses in HMDSO based coatings, the formation of cracks could have been more
likely, as stated by Plog et al [88]. Consequently, the barrier performance could have been
hampered. As a matter of fact, better adhesion of HMDSN based coatings also supported
the assumption, that the formation of a weak boundary layer was impeded [160].
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8. Plasma-enhanced atomic layer
depostion (PEALD)
Different thin-film materials, like TiO2 , Al2 O3 and SiO2 , have successfully been applied
as permeation barrier coatings on polymers by PEALD [66, 98, 129, 136, 279]. In particular, PEALD was utilized for the deposition of coatings encapsulating polymeric devices,
such as organic LEDs [134, 137–139, 280]. As discussed in section 5, coatings deposited
by PEALD exhibited significantly lower densities of coating defects than films deposited
by PECVD [66, 112]. Furthermore, compared to PECVD coatings, PEALD led to thin
films exhibiting an enhanced barrier performance against the permeation of water vapor [178, 253].
Combinations of PEALD and PECVD coatings forming multilayers were introduced in
literature stating decreased WVTRs [97, 98]. Multilayers of PEALD/-CVD coatings offer
a synergistic effect combining fast film growth from PECVD and uniform, dense thin-films
from PEALD [66, 99]. However, the effect on the OTR, as well as on the formation of
defects in such PEALD/-CVD multilayers was not reported [66, 133].
Therefore, PEALD based Al2 O3 , and SiO2 were combined with PECVD based SiOx and
polysiloxane-like SiOx Cy Hz coatings on PET RD23. Two approaches were investigated:
(i) seeding, PEALD coatings were deposited on the PET foil and, subsequently, covered by
a PECVD film; (ii) capping, PEALD films were deposited on a PECVD coating previously
applied to the PET surface. The Al2 O3 and SiO2 coatings were deposited at Inorganic
Materials Chemistry (Ruhr-Universität Bochum) in a low-pressure PEALD reactor using
an ECWR plasma, as described in detail by Gebhard [66, 129, 133, 136]. PECVD was
performed in the chamber described in section 2.2. The SiOx films were deposited with
an oxygen to HMDSO ratio of 200 (table 4.1) and the SiOx Cy Hz coatings were deposited
in a process solely fed by HMDSO (SiOx Cy Hz ). SiO2 films with varying thicknesses were
deposited by PEALD as seeding layer on PET. Subsequently, SiOx films were deposited
by PECVD on the SiO2 seeding layers and the OTRs, as well as the defect densities were
determined. Al2 O3 , and SiO2 coatings were applied by PEALD as capping layers on top
of SiOx , and SiOx Cy Hz films deposited by PECVD. OTRs and defect densities were subsequently analyzed, as well.
In order to deposit PEALD/-CVD coatings in one reactor, the reactor chamber used for
PECVD by microwave driven low pressure discharges, as presented in this thesis, was
modified to enable PEALD processes. Therefore, the chamber was equipped with ALD
valves for O2 as well as for Ar. Additionally, a further ALD valve supplied the chamber
with the precursor, trimethylaluminum (TMA), for the deposition of Al2 O3 films. The
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TMA cartridge, as well as the corresponding ALD valve, and piping could be heated to
60◦ C. Plasma processes in PEALD processes were run with a power of 1500 W at a pressure of 5 Pa.
The author of this thesis performed interpretation, as well as discussions presented in the
following sections, and executed the majority of experiments. Section 8.2 is partially based
on a scientific paper published as second author in Plasma Processes and Polymers [66].
Measurements acquired, coatings deposited, and further contributions by other authors
are listed in the following:
• Max Gebhard: (IMC, Ruhr-Universität Bochum): Al2 O3 (PEALD), SiO2 (PEALD),
partially planning of experiments presented in section 8.2 [133].

8.1. PEALD film growth in combined reactor
Basic investigations on the deposition of Al2 O3 PEALD coatings on Si were performed in
the modified PECVD MW chamber. The TMA dose, the inert gas purging step, as well
as the plasma on time during plasma exposure were varied to analyze reproducibility, and
linearity of PEALD film growth. The coatings were deposited with the substrate initially
being at room temperature.
The film thickness and the growth per cycle (GPC) are shown in figure 8.1 for three
consecutively deposited Al2 O3 coatings, respectively. Each cycle consisted of two 25 ms
doses of TMA, followed by a purging step with argon. The duration of the purging was
varied between 250 ms and 5000 ms. Subsequently, oxygen was fed into the chamber and
the MW plasma (1500 W, 5 Pa) was ignited for 500 ms in case of 5000 ms purges, and
150 ms for the other purge durations. This step was followed by an argon purge of the
corresponding length, respectively. As shown in figure 8.1, short argon purges with durations of 250 ms and 500 ms showed film thicknesses deviating in a span of 6 nm. Therefore,
the growth per cycle deviated by 25% for 250 ms purges and by 10% for 500 ms purges.
An increase of the purge time resulted in smaller deviations. For 750 ms and 1000 ms
the thickness and the GPC dispersed by 8% and 4%. The highest reproducibility was
achieved for 2000 ms purges leading to a confidence interval of 2%.Therefore, only the
application of process cycles comprising argon purges with a duration of 2000 ms exhibited a reproducibility and thickness control sufficient for an PEALD process. This could
have been due to insufficiently removed precursor molecules before plasma exposure, as
well as insufficiently removed reactants (O2 ), and reaction products after plasma exposure.
The linearity achieved for the PEALD growth is shown in figure 8.2. For the deposition of
corresponding Al2 O3 films, two 25 ms doses of TMA were followed by 1000 ms Ar purge,
a 150 ms plasma pulse, and again by a 1000 ms argon purge. As shown in figure 8.2,
the thickness of coatings, and the growth per cycle was determined as a function of the
number of cycles. The thickness data was fitted by a linear regression with a y-intercept
fixed to 0 nm. A coefficient of determination of 0.998 was observed for the fit. The slope
Å
.
of the linear fit represented the average GPC and was found to be (0.88 ± 0.002) cycle
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Figure 8.1.: The coating thickness and the growth per cycle (GPC) are shown for
Al2 O3 coatings deposited by PEALD in the combined PEALD/-CVD
MW reactor. Each cycle consisted of: two 25 ms doses of TMA; argon
purges between 250 ms and 5000 ms; an oxygen plasma for 500 ms in
case of 5000 ms purges, and 150 ms for the other purge durations; argon
purge of the same length. 300 cycles were applied for each coating.
Lines serve as guide for the eye.
Therefore, the confidence interval was in the range of 2%. This is in accordance with
the work of Gebhard et al [129] also stating a confidence interval of 2% for the GPC.
However, considering the GPC for the thickness of each coating, separately, the GPC
Å
Å
and 1.05 cycle
. Therefore, the GPC fluctuated by 14%. This
deviated between 0.85 cycle
was also in good agreement with literature. For instance, the data presented by Gebhard
et al [129,133] for PEALD of TiO2 using two different precursors showed a GPC deviation
of about 25% and 28% considering each data point, respectively.
Therefore, the PEALD growth of Al2 O3 in the combined PEALD/-CVD reactor was found
to be in good agreement with literature in terms of linearity and reproducibility. However,
further investigations on, e.g., morphology, chemical composition, and reproducibility
for various sets of parameters will have to be performed in future to achieve a proper
evaluation of the deposited PEALD coatings.
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Figure 8.2.: The coating thickness and the growth per cycle (GPC) are shown for
Al2 O3 coatings deposited by PEALD in the combined PEALD/-CVD
MW reactor as a function of the number of cycles. Each cycle consisted of: two 25 ms doses of TMA; 1000 ms argon purge; 150 ms oxygen
plasma; and 1000 ms argon purge. The black line shows the linear fit
of the coating thickness.

8.2. Combined PECVD/-ALD
PEALD/-CVD multilayers offer a synergistic effect combining the homogeneous and uniform film growth of PEALD with the fast film growth of PECVD [66, 99]. To ensure
reproducible coatings in an elaborately characterized setup, Al2 O3 and SiO2 coatings
were deposited by PEALD at Inorganic Materials Chemistry (Ruhr-Universität Bochum)
in a low-pressure PEALD reactor using an ECWR plasma, as described in detail by Gebhard [66, 133]. SiOx and polysiloxane-like SiOx Cy Hz were deposited by PECVD in the
MW driven low-pressure reactor, as described in section 2.2.
SiO2 (PEALD) films were deposited as seeding layers on PET RD 23. As described in
detail by Gebhard et al [66,133], the purpose of the SiO2 seeding layer was to decouple the
SiOx growth by PECVD from the PET surface by providing a defined, homogeneous film
regarding chemistry and morphology. Consequently, the defect growth induced by the
PET surface could be impeded, as described in section 5. Furthermore, SiO2 and Al2 O3
(PEALD) films were used for capping of SiOx and polysiloxane-like SiOx Cy Hz (PECVD)
coatings deposited on PET RD 23. As also described in detail by Gebhard et al [66, 133],
defects or macro pores (cf. chapter 5) present in PECVD coatings could be covered by
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the homogeneous, and uniform film growth featured by PEALD. Therefore, the barrier
performance of corresponding multilayers was analyzed by OTR measurements and the
defect densities were determined.

8.2.1. Seeding
SiO2 (PEALD) seeding layers were deposited with a thickness of 1 nm, 2.5 nm, and 5 nm
on PET RD23. Subsequently, the seeding layers were covered by SiOx layers (PECVD)
with a thickness of 15 nm. As shown in figure 8.3, a sole SiOx (PECVD) film with a
3
thickness of 15 nm exhibited a defect density of 171 mm−2 and an OTR of 29.3 mcm
2 day on
PET RD23. As also shown in figure 8.3, the application of a 1 nm thin SiO2 (PEALD)
seeding layer and consecutive deposition of a 15 nm SiOx (PECVD) film led to an OTR
3
of 76.5 mcm
2 day . Therefore, no significant barrier improvement was found in comparison to
pristine PET RD 23. This could have been caused by an incomplete surface coverage of
the seeding layer hampering the film growth of the SiOx (PECVD) film, as described by
Gebhard et al [66].

OTR
defect density

15 nm SiOx

15 nm SiOx
15 nm SiOx
2.5 nm SiO2
1 nm SiO2
Substrate (PET RD23)

15 nm SiOx
5 nm SiO2

PECVD
PEALD

Figure 8.3.: OTR and defect densities of PEALD/-CVD multilayers consisting of
SiO2 (PEALD) seeding layers with varying thickness coated by 15 nm
SiOx (PECVD) films on PET RD23. Redrawn from [66].
However, the defect density for this combined material, comprising a 1 nm SiO2 (PEALD)
seeding layer, and a 15 nm SiOx (PECVD) capping layer, was already reduced to 86 mm−2 .
Increasing the thickness of the seeding layer to 2.5 nm resulted in a defect density slightly
declining to 83 mm−2 . The barrier performance improved and exhibited an OTR of
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3

62.9 mcm
2 day . Since the OTR was still higher in comparison to a sole SiOx (PECVD) film
with a thickness of 15 nm, this might have indicated that a SiO2 (PEALD) seeding layer
with a thickness of 2.5 nm did still not form a fully closed film or a beneficial morphology.
The increase of seeding layer thickness to 5 nm caused a severe decline of the defect density
3
and the OTR. A defect density of 9 mm−2 and an OTR of 0.8 mcm
2 day was observed for this
PEALD/-CVD multilayer. As also pointed out by Gebhard et al [66], sole SiOx (PECVD)
coatings with a thickness of 100 nm [112], and TiO2 (PEALD) films with a thickness of
20 nm [112] exhibited comparable defect densities, as also shown in section 5. Therefore,
the growth of defects in SiOx PECVD coatings was significantly reduced in comparison to
single layer coatings on PET, since a reduction of defect density was already observed for
a seeding layer with a thickness of 1 nm. However, the resulting OTR of PEALD/-CVD
multilayers was governed by the thickness of the seeding layer. A detailed morphological
analysis of corresponding coatings was carried out by Gebhard et al. [66, 133].

8.2.2. Capping
SiO2 and Al2 O3 (PEALD) capping layers were deposited on organosilicon SiOx Cy Hz and
SiOx (PECVD) films with a thickness of 5 nm, respectively. The capping layers had a
thickness of 1 nm and 5 nm. OTRs and defect densities of corresponding PEALD/-CVD
multilayers are shown in figure 8.4.
As shown in figure 8.4 a), sole SiOx Cy Hz (PECVD) films with a thickness of 5 nm and
10 nm exhibited defect densities of 1550 mm−2 and 980 mm−2 . In this regard, OTRs
3
cm3
of 69.6 mcm
2 day and 50 m2 day were observed. Sole SiOx (PECVD) films exhibited OTRs of
3

3

cm
−2
66.2 mcm
2 day and 26.9 m2 day for thicknesses of 5 nm and 10 nm. Defect densities of 2180 mm
and 470 mm−2 were found for SiOx (PECVD) coatings.

The deposition of a 1 nm SiO2 capping layer on organosilicon SiOx Cy Hz (PECVD) films
3
resulted in an OTR of 74.1 mcm
2 day . Therefore, the barrier performance was not improved,
as shown in figure 8.4 b). However, the defect density already declined to 635 mm−2 .
Therefore, 1 nm of a SiO2 (PEALD) capping layer was already able to cover a significant number of defects contained in the SiOx Cy Hz (PECVD) films. Capping SiOx Cy Hz
(PECVD) films with 5 nm SiO2 (PEALD) films caused a severe drop to 160 mm−2 defects.
Additionally, the barrier performance was significantly enhanced resulting in an OTR of
3
1.0 mcm
Consequently, both OTR and defect density were tremendously reduced in
2 day .
comparison to 10 nm SiOx Cy Hz (PECVD) films.
Using 1 nm and 5 nm SiO2 (PEALD) films to cap SiOx (PECVD) films led to an amplified
behavior with respect to defect densities, as shown in figure 8.4 b). These declined to
23 mm−2 and further to 1 mm−2 defects, respectively. Therefore, a 5 nm SiO2 (PEALD)
capping layer was capable of covering almost all defects in the PECVD film underneath.
However, in comparison to a sole SiOx (PECVD) film, only capping with a 5 nm SiO2
3
(PEALD) film resulted in slight decrease of OTR to 38.6 mcm
2 day .
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8.2. Combined PECVD/-ALD
a)

OTR
defect density

5 nm SiOxCyHz

10 nm SiOxCyHz

5 nm SiOx

10 nm SiOx

Substrate (PET RD23)

b)

1 nm SiO2
5 nm SiOxCyHz

5 nm SiO2
5 nm SiOxCyHz

1 nm SiO2
5 nm SiOx

5 nm SiO2
5 nm SiOx

Substrate (PET RD23)

c)

1 nm Al2O3
5 nm SiOxCyHz

5 nm Al2O3
5 nm SiOxCyHz

1 nm Al2O3
5 nm SiOx

5 nm Al2O3
5 nm SiOx

Substrate (PET RD23)

Figure 8.4.: OTR and defect densities of PEALD/-CVD multilayers consisting of
SiOx Cy Hz , as well as SiOx (PECVD) films, on the one hand, and SiO2 ,
as well as Al2 O3 (PEALD) capping layers, on the other hand. The thickness of the capping layers were 1 nm and 5 nm. They were deposited
on 5 nm SiOx Cy Hz and SiOx (PECVD) films, respectively. Redrawn
from [66].
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A comparable behavior was observed for the deposition of Al2 O3 (PEALD) capping layers on SiOx and SiOx Cy Hz (PECVD) films, as shown in figure 8.4 c). In comparison to
sole SiOx Cy Hz (PECVD) films, capping with 1 nm and 5 nm Al2 O3 (PEALD) caused an
3
cm3
improved barrier performance with OTRs of 15.0 mcm
2 day and 1.3 m2 day . Therefore, even a
capping layer with a thickness of 1 nm resulted in a barrier improvement by a factor of
55 in comparison to a sole 5 nm SiOx and SiOx Cy Hz (PECVD) film. Both capping layers
resulted in an almost complete coverage of defects contained in the underlying SiOx Cy Hz
(PECVD) films showing defect densities of 2 mm−2 and 1 mm−2 .
3

Capping of SiOx (PECVD) films by Al2 O3 (PEALD) led to OTRs of 12.4 mcm
2 day (1 nm
3

capping layer) and 7.8 mcm
2 day (5 nm capping layer), as shown in figure 8.4 c). Therefore,
already 1 nm Al2 O3 (PEALD) on top of 5 nm SiOx (PECVD) resulted in a barrier improvement by a factor of 5 with respect to a sole SiOx (PECVD) coating with a thickness
of 5 nm. Additionally, defects in SiOx (PECVD) coatings were completely covered by
both capping layers, since defects could not be detected.
A detailed investigation on nano defects, i.e., nano-porosity, and morphology of corresponding PEALD/-CVD coatings can be found in [66, 133]. As pointed out by Gebhard
et al [66, 133], the barrier performance observed for PEALD/-CVD coatings was in good
agreement with literature stating that multilayers of PECVD and ultrathin ALD coatings
showed a significantly enhanced barrier performance in comparison to sole, ultrathin ALD
coatings [98, 99].
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In this thesis, the influence of plasma parameters on the properties of gas barrier films on
plastics was investigated covering the whole spectrum ranging from plasma pretreatments
to interlayer, and barrier layer depositions. Beginning with the species generated in the
plasma (e.g., neutrals, ions, photons) during a plasma pretreatment, the fluences of particles impinging the substrate were quantified and correlated to the effect on the surface,
as well as on the resulting barrier layer. Furthermore, the functionality of interlayers, the
degradation of the plastic surface during the initial stages of film growth, as well as the
mechanisms of defect growth were presented. In particular, permeation mechanisms and
the synergistic effect of PEALD/-CVD multilayer coatings were investigated in relation to
the number of defects. The effect of the incorporated energy by impinging ion bombardment, as well as the fluence of oxygen atoms during film growth was separately correlated
to the film properties. Additionally, the influence of precursor selection, namely HMDSO
or HMDSN, on plasma composition and resulting film properties was revealed.
In detail, pulsed MW driven low pressure plasmas in combination with a variable RF
bias were utilized for pretreatments of the plastic substrate and the deposition of thin,
silicon based films by PECVD. Plasma pretreatments were usually applied to increase the
wettability, and film adhesion by formation of polar groups, and dangling bonds. In the
scope of this thesis, the pretreatment of PP, with respect to argon and oxygen plasmas,
was investigated in correlation to the changes at the interface of the plastic and to the
properties of subsequently deposited silicon oxide barrier coatings. The barrier coatings
were deposited by application of a three step process consisting of: (i) a varied plasma
pretreatment, (ii) the deposition of an polysiloxane-like interlayer (process solely fed by
HMDSO), and (iii) the deposition of a silicon oxide barrier layer (process applying an
oxygen to HMDSO ratio of 200). The pretreatment process was characterized by the
absolute fluences of impinging plasma species: (i) argon, and (ii) oxygen ions, as well as
(iii) neutral oxygen atoms, (iv) VUV photons, and (v) Ar metastables. The corresponding contributions were conducted from VUV diagnostics, OES, TDLAS, and Langmuir
probe measurements. The determined fluences were then related to the number of PP
monomers at the surface of the substrate. Furthermore, the resulting fluences were correlated to changes at the polymer interface. Therefore, the PP surface was morphologically
and chemically characterized by AFM, and XPS. The barrier performance of resulting
coatings was determined by OTR measurements as a function of exposure to respective
plasma species impinging during pretreatment.
The OTR of applied barrier coatings showed a minimal value for previous exposure of
the PP surface to a certain number of plasma species by pretreatment with argon and
3
oxygen plasmas. For argon pretreatments, the minimal OTR of 18 mcm
2 day was observed
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when the PP (per monomer) was exposed to: (i) an argon ion fluence between 7 · 10−4
and 1 · 10−3 , (ii) 3 · 10−5 Ar∗ 1s5 metastables, and (iii) 0.02 photons with a wavelength
of λ < 112 nm, 0.05 photons between 112 nm ≤ λ < 225 nm, as well as 0.02 photons in
the range of 225 nm ≤ λ < 325 nm. Oxygen pretreatments resulted in a minimal OTR of
3
19 mcm
2 day when the PP (per monomer) was exposed to: (i) an oxygen ion fluence between
7 · 10−4 and 1 · 10−3 , (ii) 0.6 oxygen atoms, and (iii) between 0.01 and 0.02 photons in the
three corresponding wavelength ranges. The pretreatment with argon and oxygen plasmas had an effect on the surface chemistry and morphology of the PP. Both argon and
oxygen pretreatments resulted in a significant incorporation of oxygen bonds, i.e., polar
groups into the PP. This correlated to the improved barrier performance since the lowest
OTR was observed when a steady state of C(–O–C), C(=O), and (O=)C(–O) bonds was
reached.

Besides the plasma pretreatment, etching of the substrate can occur during the initial
stages of oxygen dilluted deposition processes (e.g., SiOx ). This can be prevented by the
previous application of an interlayer (e.g., SiOx Cy Hz ). Knowledge about the interfacial
changes, induced during the first moments of oxygen diluted deposition processes, was
important to clarify the function of corresponding interlayers. Since information of the
interfacial region was not attainable after deposition, the degradation of the interface was
investigated by utilizing model substrates, i.e., ODT-SAMs. Due to their chemical structure, those ODT-SAMs mimicked an aliphatic polymer, like PP. These model substrates
were coated with polysiloxane-like interlayers and silicon oxide barrier layers, as well as
with combinations of interlayers and barrier layers. Therefore, the samples consisting of
ODT-SAMs, and coatings were examined by FTIR spectroscopy, Consequently, the interfacial changes were tracked, and the effect on the chemical structure of applied coatings,
as well as the function of interlayers was revealed. Additionally, silicon based coatings
were deposited on ODT-SAMs employing varying oxygen admixtures to investigate the
oxidative degradation as a function of impinging atomic oxygen fluences.

The deposition of a polysiloxane-like interlayer (process solely fed with HMDSO) did not
affect the characteristic FTIR spectrum ODT-SAMs underneath. Thus, all FTIR peaks
related to ODT-SAMs appeared at the same positions indicating that the model substrates were not deteriorated. On the contrary, the deposition of a silicon oxide barrier
layer (process using an oxygen to HMDSO ratio of 200) resulted in significantly decreased
peak intensities and a shift towards higher wavenumbers. The shift indicated the oxidative degradation and the declining degree of order of the ODT SAMs. Furthermore, the
decreasing intensity of the corresponding peaks showed the occurring plasma etching of
the ODT SAMs. The deposition of a barrier layer on top of an organosilicon interlayer led
to a spectrum exhibiting all characteristic peaks of ODT-SAMs with comparable intensities. Notably, only a slight shift towards higher wavenumbers was present. This indicated
that the deterioration of the ODT-SAMs was mainly prevented by the deposition of the
interlayer previous to the deposition of the barrier layer. Therefore, the interlayer served
as a protection layer that protects the surface of the substrate against impinging reactive
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oxygen species during the initial stages of barrier film (SiOx ) deposition. This was caused
by partial oxidation of the interlayer, as revealed by FTIR spectroscopy.
Investigations of the oxidative degradation at the interface of polymeric samples were
combined with analysis of the plasma. The densities of neutral HMDSO molecules were
absolutely quantified by MS. HMDSO densities between 1.7 · 1013 cm−2 and 2.0 · 1015 cm−2
were observed depending on the oxygen admixture. Both OES and MS were applied
to determine the AO density in the processes under investigation. AO densities between
4.4·1014 cm−2 and 2.2·1013 cm−2 were determined. With respect to the ODT-SAMs, atomic
oxygen fluences ≤ 6.0 · 1021 m−2 during film growth did not deteriorate the interface of
the model substrates since the all-trans conformation of the alkyl chains in ODT-SAMs
stayed intact, as determined by FTIR spectroscopy. However, complete degradation of the
ODT-SAMs was observed for AO fluences ≥ 6.1 · 1023 m−2 impinging during film growth.
Therefore, protective interlayers could be deposited with small admixtures of oxygen at
significantly higher deposition rates. This might be relevant for future applications.
Besides plasma pretreatments and the application of organosilicon interlayers, the consecutive deposition of a barrier layer is decisive for the overall barrier performance. In this
regard, different aspects of the plasma play a role in influencing the properties of the coating. One example are coating defects which might limit the barrier performance. Coating
defects with diameters ≥ 100 nm were visualized and quantified. The formation of such
defects in coatings with chemical compositions ranging from organosilicon to silicon oxide
was tracked as a function of substrate selection, coating thickness, material and deposition
technique. Additionally, absolutely quantified steady state atomic oxygen fluxes and the
impact of a substrate bias were correlated to the formation of defects. Coatings deposited
on scPP exhibited significantly less defects in comparison to coatings on industrial grade
PP due to the lack of additives. Furthermore, PEALD coatings showed a distinctly smaller
number of decetcs due to their highly homogeneous, and uniform growth. A number of
≥ 1.1 · 1022 m−2 nm−1 oxygen atoms impinging per nanometer of film growth resulted in
defect densities ≤ 160 mm−2 . On the contrary, the application of a cw RF bias resulted
in a decreased defect formation even for less incident oxygen atoms due to the increased
energy of impinging ions. However, a clear correlation to defect driven permeation was
not found.
The properties of silicon oxide barrier coatings were decisively influenced by the impinging atomic oxygen flux, and the average energy incorporated by ion bombardment during
film growth. The application of a RF bias in cw mode resulted in improved barrier performances. However, this led to increasing oxygen fluences and to higher ion energies,
simultaneously. The influence of, both the increased oxygen fluence, and the increased
ion energies, were separated by the application of a variably pulsed RF bias. In particular, the ion energy was controlled by application of the bias within MW pulses, and the
atomic oxygen flux by application during MW off time. The number of impinging oxygen
atoms and the average ion energy incorporated per deposited Si atom was determined
considering plasma parameters, bias voltage, film density, chemical composition and particle fluxes. Consequently, the average energy incorporated by ions, and the number of
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oxygen atoms impinging per deposited silicon atom was separately correlated with the
barrier performance and the chemical composition. A variation of incorporated energy
in the range between 20 eV and 98 eV, keeping the number of oxygen atoms impinging
per deposited Si atom almost constant around 4300, resulted in an OTR decreasing from
3
cm3
42.9 mcm
2 day to 0.8 m2 day . This correlated to rising amounts of high oxidized states, as revealed by FTIR and XPS, and indicated the enhancing degree of cross-linking. A similar
behavior was observed for increasing numbers of oxygen atoms impinging during film
growth, while keeping the energy incorporated by ions ≤ 47 eV. Therefore, the influence
of increased incorporated energies was negligible. The amount of higher oxidized states
increased significantly due to a rising number of oxygen atoms impinging the growing film.
In maximum up to 10500 incident oxygen atoms were observed. This caused an enhancing degree of cross-linking leading to an improved barrier performance: OTRs declined
3
cm3
from 42.9 mcm
2 day to a minimum OTR of 1.1 m2 day . Therefore, the influence of increasing
incorporated energies, and rising atomic oxygen fluxes impinging during film growth was
separately revealed.
Besides the influence of ion energies, and atomic oxygen fluences, film growth, and resulting coating properties were affected by the applied precursors, and by the evolving
plasma chemistry. Therefore, the film formation of interlayers and barrier layers was influenced. Hence, plasma, and resulting film properties, as well as film growth were studied
for HMDSO and HMDSN based processes. Due to the methyl groups contained in both
precursors, they were used for the deposition of films ranging from organosilicon to silicon
oxide films. However, there was a lack of systematic comparisons between HMDSO and
HMDSN based coatings on the same substrates, within the same setup, as well as under
equal conditions. Therefore, detailed investigations of interlayer and barrier film deposition processes were performed. This included mass spectrometry (MS) of neutral species
in the gas phase and the determination of film properties. The latter was investigated
by OTR measurements, AFM, XPS, FTIR, and adhesion measurements. All films were
deposited on PET or PP by a microwave driven discharge with grounded substrate holder.
Molecular densities of HMDSO and HMDSN were absolutely quantified by MS. Additionally, corresponding deposition rates, as well as the degrees of depletion were determined.
The OTR of barrier films was determined in correlation to the thickness of the barrier
layer and to the admixture of oxygen. Consequently, the results were linked to the chemical structure of deposited films. Additionally, the effect of interlayers based on HMDSO,
as well as HMDSN, and the effect of varying interlayer thicknesses were investigated on
PET and PP.
Overall, higher deposition rates were observed for HMDSN based coatings, which was
assigned to dissociation of HMDSN into smaller fragments. This assumption was supported by the observed methane densities showing significantly higher ones for HMDSN
based processes. This was attributed to the lower bond energies reported for HMDSN.
In oxygen diluted processes, densities of neutral HMDSN molecules were in the range
between 8.0 · 1013 cm−3 and 1.1 · 1014 cm−3 . Neutral HMDSO molecules showed densities
between 6.1 · 1013 cm−3 and 8.1 · 1013 cm−3 . For oxygen admixtures ≥ 100 sccm, HMDSN
based barrier coatings exhibited consistently lower OTRs. This was attributed to the
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higher degree of depletion for HMDSN, improving the degree of cross-linking of the SiOx
network, as revealed by FTIR spectroscopy and XPS. HMDSN based barrier coatings
achieved significant barrier performances on PET and PP without previous deposition of
an interlayer. However, the application of interlayers (HMDSO, and HMDSN based) previous to the deposition of barrier layers resulted in an decreased OTR on PET. The same
held true for HMDSO based coatings on PP. However, HMDSN based coatings exhibited
the best barrier performance without application of an interlayer on PP. This was caused
by the higher degree of depletion, higher deposition rates, and a larger fraction of film
forming species incorporating carbon into the growing layer. Thereby, an effective protection of the underlying polymer surface during O2 /HMDSN processes was achieved, even
if no interlayers were applied previously. Furthermore, this caused an consistently higher
adhesion of HMDSN based coatings on PP in comparison to HMDSO based coatings.

Apart from precursors, the selection of the deposition technique has an influence on the
resulting films. Different thin-film materials, like TiO2 , Al2 O3 and SiO2 , have successfully been applied as permeation barrier coatings on polymers by PEALD. In particular coatings deposited by PEALD are highly uniform, as well as homogeneous, and exhibit significantly less defects than films deposited by PECVD. Combinations of PEALD
and PECVD coatings forming multilayers were introduced in literature stating decreased
WVTRs. Multilayers of PEALD/-CVD coatings offer a synergistic effect combining fast
film growth from PECVD and uniform, dense thin-films from PEALD. However, the effect
on the OTR, as well as on the formation of defects in such PEALD/-CVD multilayers was
not reported. Therefore, PEALD based Al2 O3 , and SiO2 were combined with PECVD
based SiOx and polysiloxane-like SiOx Cy Hz coatings on PET. Two approaches were investigated: (i) seeding, PEALD coatings were deposited on PET, and subsequently, covered
by a PECVD film; (ii) capping, PEALD films were deposited on a PECVD coating previously applied to PET. The PEALD/-CVD multilayers were produced by consecutive
deposition in two chambers, one for PEALD and one for PECVD.

The combination of SiO2 seeding layers (PEALD), with thicknesses varying between 1 nm
and 5 nm, and 15 nm SiOx (PECVD) films on top of the seeding layer, resulted in significantly decreased defect densities and improved barrier performances. The increase
of SiO2 (PEALD) seeding layer thickness to 5 nm caused a severe decline of the defect
3
density to 9 mm−2 , and of the OTR to 0.8 mcm
2 day . Therefore, the growth of defects in SiOx
(PECVD) coatings was significantly reduced in comparison to single layer coatings on
PET. A reduction of defect density was already observed for seeding layers with a thickness of 1 nm. However, the resulting OTR of PEALD/-CVD multilayers was governed by
the thickness of the seeding layer. Additionally, SiO2 and Al2 O3 (PEALD) capping layers
were deposited on organosilicon SiOx Cy Hz and SiOx (PECVD) films with a thickness of
5 nm, respectively. The capping layers had a thickness of 1 nm and 5 nm. Both capping
materials were capable of covering almost all defects in the PECVD films underneath.
Furthermore, improved barrier performances were observed.
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In order to deposit PEALD/-CVD coatings in one reactor, prospectively, the reactor
chamber used for PECVD by microwave driven low pressure discharges was modified to
enable PEALD processes. The PEALD growth of Al2 O3 applying TMA was investigated.
The PEALD growth of Al2 O3 in the combined PEALD/-CVD reactor was found to be in
good agreement with literature in terms of linearity and reproducibility.
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A. Appendix
A.1. Generic optical emission spectrum
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Figure A.1.: Generic optical exmission spectrum of a microwave driven discharge
for an oxygen to HMDSO ratio of 200 (O2 : 400 sccm; HMDSO: 2 sccm;
MW
1500 W; tMW
on = 4 ms; toff = 40 ms). 5% of nitrogen were admixed to
the process.
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A.2. N2 excitation scheme
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Figure A.2.: Electron impact excitation scheme of nitrogen molecules as considered
for the collisional radiative model.
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A.3. Cross-sections used in the cr model
Rate coefficient

Excitation process
(cf. figure A.2)

Cross-section from Ref.

kN22(C)

N (X)

1

[281], Table 10

kN+2 (B)

N (X)

2

[282], Table Xa

kN22(A)

N (X)

3

[281], Table 8

kN22(C)

N (A)

4

[282], Table VIII

kN22(B)

N (A)

5

[282], Table VIII

N (A)

6

[282], Table Xa

kN+2 (B)

7

[283], Fig. 3

N (X)

8

[281] Table 15, 16, 17

2

kN+2 (X)
2

N+ (X)
2

kN+2 (X)
2

Table A.1.: Cross-sections σ(EE ) used in the collisional radiative model with respect to
the corresponding rate coefficients.
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A.4. Settings of mass spectrometer
Parameter

Value

mode-change-delay
transit-energy
D.C. quad
energy
axis
horiz
vert
lens 2
plates
lens 1
extractor
focus 2
suppressor
source-focus
cage
electron-energy
emission
reference
discriminator
delta-m
resolution
1st-dynode
multiplier

1000 ms
3.00 V
−4%
0.4 V
−40.0 V
0%
−7%
−109 V
7.27 V
30 V
60 V
−175 V
−200 V
−200 V
3.0 V
25 V
100 µA
0V
−10%
10%
10%
−1200 V
2500 V

Table A.2.: Settings of the mass spectrometer during measurements if not mentioned
separately.
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B.1. Influence of argon and oxygen pretreatment of PP
TNS 30 on morphology
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Figure B.1.: AFM (IKV) images after pretreating the PP TNS 30 foil with an argon
plasma for a) 1 s, b) 3 s, and c) 30 s, as well as with an oxygen plasma
for d) 1 s, e) 3 s, and f) 30 s.

B.2. Influence of argon and oxygen pretreatment of PP
TNS 30 on the chemical structure
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a)

b)

Figure B.2.: Relative area of the C1s components as determined by XPS for PP TNS
30 foil without pretreatment and argon as well as oxygen pretreatment.
The data is presented as a function of total fluences impinging the
surface per PP monomer during the pretreatment.

B.3. Process for the deposition of SiOx (IKV) films
SiOx (IKV) coatings were applied at the Institute of Plastics Processing (IKV, RWTH
Aachen University). The PE-CVD set-up for the deposition of SiOx (IKV) consisted of
a cylindrical chamber with a diameter of 730 mm and a length of 550 mm with a base
pressure of 5 · 10−3 Pa. A power splitter fed by two magnetrons conveyed the microwave
IKV
= 4 kW) into four
energy of four microwave generators (at fMW = 2.45 GHz and Pmax
duo-plasmalines. These four duo-plasmalines transferred the energy to the plasma. At a
distance of 135 mm a substrate holder with a size of 330 cmx330 cm was positioned. Oxygen was injected into the chamber through an index plate at the side of the plasmalines.
HMDSO was fed into the chamber using a ring-shaped shower head between plasmalines
and substrate holder. SiOx (IKV) films were deposited with an oxygen to HMDSO ratio
of 10 at a pressure of 4Pa.

B.4. Process for the deposition of TiO2 films
TiO2 was deposited at the Inorganic Materials Chemistry (Ruhr-Universität Bochum).
The custom built shower head reactor for PE-ALD of titanium dioxide (TiO2 ) operated
an electron cyclotron wave resonance (ECWR) plasma at 13.56 MHz. The reactor chamber
consisted of a square box with a size of 20 cmx20 cmx20 cm. Mass flow meters were used
to monitor the flow rates of argon and oxygen during respective pulses. For argon and
oxygen, fixed flow rates of 15 sccm and 25 sccm were chosen, respectively.
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B.5. Process for the deposition of a-Si:H films

B.5. Process for the deposition of a-Si:H films
Amorphous hydrogenated silicon (a-Si:H) was applied at Experimental Physics II Reactive
Plasmas (Ruhr-Universität Bochum). The capacitively coupled plasma (CCP) used for
deposition of amorphous hydrogenated silicon (a-Si:H) films consisted of a cylindrical
chamber with a diameter of 254 mm, which offered a base pressure of 7 · 10−5 Pa. Two
opposing electrodes with a diameter of 101.6 mm were positioned inside the chamber with
a distance of 2.54 cm in between. The gas flow was adjusted by a mass flow controller
and fed into the chamber by means of a circular formed shower head with 36 holes and a
diameter of 23.2 cm.

B.6. XPS survey spectrum after sputtering of a HMDSN
based coating
The survey spectra of an HMDSN based coating is shown in figure B.3. The film was
deposited with a 2 sccm flux of HMDSN and a 200 sccm flux of oxygen before (as introduced) and after sputtering with an argon beam. Argon ions were accelerated with a
voltage of 500 V and sputtering was performed for 18 s. Before sputtering, 28% silicon,
65% oxygen and 7% carbon were present. After sputtering for the first 6 s, the atomic
concentration of carbon decreased significantly to 0.8%. For longer sputter durations, no
further changes were observed and the carbon content stayed below 0.8%. Therefore, a
low but still measurable residual carbon content was present [160].
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Figure B.3.: XPS survey spectra of a HMDSN based coating (2 sccm HMDSN,
200 sccm O2 ) before (as introduced) and after sputtering with Ar ions
for 18 s (500 V). Figure from [160]
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