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ABSTRACT

The rapid development of polymers and polymer based materials is leading to a number of
promising organic devices e.g., solar cells and solid-state lighting, advancing display
technology, sensors, and thin-film transistors. One obstacle to this development is the
susceptibility of these devices to water vapor and oxygen that causes rapid degradation in many
organic electronic devices. In order to maintain the efficiency and guarantee the minimum
lifetime needed for various applications, high barrier performance encapsulation materials and
structures must be developed. In this work, radio frequency (RF) plasma deposited y—terpinene
thin films were considered as a potential candidate for OPVs, specifically as encapsulation

coatings, and as insulating layers in flexible electronics.

y-terpinene is a non-synthetic isomeric hydrocarbon derived from Melaleuca alternifolia
essential oil. Thin films from this monomer were fabricated using plasma enhanced chemical
vapor deposition in this research work under varied process conditions. The resultant polymer,
plasma polymerized y-terpinene (pp—GT) thin films were found to be optically transparent, with
refractive indices in a range of 1.57-1.58 (500 nm). The optical band gap (E,) of pp—GT thin
films were ~3 eV that fell into the insulating E, region. Independent of deposition conditions,
the surfaces were smooth and defect-free, with uniformly distributed morphological features.
Films fabricated at higher deposition power displayed enhanced resistance to delamination and

wear, and improved hardness, from 0.40 GPa (10 W) to 0.58 GPa (75 W).

Investigations on the wetting, solubility and chemical composition of pp—GT thin films revealed
that the polymers were structurally dissimilar to the original monomer and highly cross-linked.
The polymer surfaces were hydrocarbon-rich, with oxygen present in the form of O-H and C=0
functional groups. The oxygen content decreased with deposition power, with films becoming
more hydrophobic and, thus, less wettable. The polymers were determined to resist
solubilisation in solvents commonly used in the deposition of organic semiconducting layers,
including chloroform and chlorobenzene, with higher stability observed in films fabricated at

higher RF power.

Electrically, pp—GT thin films were highly insulating, possessing decreasing conductivity from
1.39 x 10" S/em (10W) to 1.02 x 107 S/cm (75W), attributed to the change in the chemical
composition and structure of the polymer. At a frequency of 100 kHz, the dielectric constant
varied from 3.69 (10 W) to 3.24 (75 W). The current density—voltage (/—V) characteristics
revealed that at higher applied voltage region, Richardson Schottky conduction was the

dominant DC conduction mechanism.
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pp—GT thin films were demonstrated to be optically, physically and chemically stable under the
ambient conditions. The bulk of aging occurred after fabrication was attributed to oxidation and
volumetric relaxation. Photostability experiments showed that photooxidation takes place under
UV irradiation in oxygen-rich conditions. With UV-C light, photodegradation occurred by
additional cleavage pathways. Photostability could be improved (UV-C) or completely achieved

(UV-A) in an oxygen-poor environment.

Finally, fully characterized pp—GT encapsulation layers were integrated with organic
PCPDTBT:PC;BM solar cell to validate the effectiveness of the barrier layers. The
encapsulated solar cell exhibited very slow decrease in efficiency compared to the non-

encapsulated device.
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CHAPTER 1

INTRODUCTION

1.1 RATIONALE

In spite of slowing growth of electricity consumption in developed countries due to efficiency
gains from new appliance standards and advances in power-efficient technologies, increasing
urbanization and economic growth in countries such as China and India continues to drive
worldwide demand for energy. This need for energy is likely to expand even more in the
coming years [1]. To meet the energy demand, fossil fuel (o0il, gas and coal) is currently the
most widely used energy source, accounting for up to 70% of electricity produced globally. In
China, electricity generation continues to be dominated by coal, at 80% of total power
produced. Such high dependence on burning of natural resources raises significant concerns, in

terms of both limited availability of fossil fuels and energy-associated emissions [2, 3].

Growing environmental concerns, depleting natural resources, and associated price volatility of
crude and refined oil have stimulated the demand for alternative energy sources. Amongst
alternative energy sources, photovoltaics (PV) hold a considerable promise for it is a plentiful,
easily accessible and renewable source of power, whereby solar radiation is directly converted
to electricity. Photovoltaics are regarded as an environmentally friendly and a non-pollutant low
maintenance energy source [4]. However, in spite of significant recent advancements in the area
of solar energy generation and declining prices for PV units, the overall cost of generating
electricity using this method remains high compared to both traditional (fossil fuel based) and
other renewable power generation (e.g. hydro) [5]. At present, crystalline silicon (Si) cells
remain the dominant PV technology, accounting for close to 90% of all commercially available
PV products. However, the fabrication of the simplest Si cell is a complex and expensive
process that has to take place under controlled conditions, such as high vacuum and
temperatures of up to 1,400°C. Concerns have also been raised regarding other materials used in
PV devices, e.g. cadmium telluride (CdTe) and copper indium gallium selenide (C/GS). Among
the most notable issues are those related to environment (e.g. toxicity of cadmium), price
volatility (in particular with indium), and shortage of rare earth elements (e.g. tellurium) [6].
Finding an alternative PV technology is therefore essential and organic PV (OPV) have gained

much attention in this regard during the past decade [6, 7].

Organic thin film PVs are an emerging economically competitive photovoltaic technology that

combines manufacturing adaptability, low-cost processing and a lightweight, flexible device



end product. The key property that makes OPV attractive is the potential to lower
manufacturing costs by using reel-to-reel processing on low cost substrates, with numerous
printing techniques, namely screen, inkjet, offset or flexo printing, already available [8]. In
addition to printing, high throughput deposition processes such as physical vapor deposition
(PVD), plasma enhanced chemical vapor deposition (PECVD) and other low temperature
processes are widely used for fabrication of devices based on organic materials [6]. Considering
the aforementioned attractive features of OPV, there has been a growing interest in the
technology from industry and research groups alike, as reflected through a number of high

quality reviews and special issues with different degrees of specialization [4, 8-40].

Undoubtedly promising, currently available OPV technology is yet to reach a desirable level of
performance, which would render it suitable for wide commercial use. Present power
conversion efficiency (PCE) and operational stability of OPV are considerably lower than those
offered by Si technology. Significant research efforts have been devoted to development of
materials, designs and structures to improve PCE of OPV, with a recent report of 11.9% for an
organic cell [41]. Although this value falls short of 25-30% PCE level offered by Si PV cells, it
may well be sufficient for a feasible commercial proposition when substantially less expensive
production budget for OPV is considered. Long-term operation stability of OPV, however, is far
below what would be considered acceptable for a commercial product, with the replacement
costs negating the cost savings from inexpensive manufacturing. Currently, the acceptable
lifetime of an inorganic solar cell is 20-25 years [42], well beyond the lifetime achievable by
the most advanced organic solar cells currently available. Such profound discrepancy in device
life expectancy between inorganic and organic PV cells stems from relatively high susceptibility
of organic materials to water vapor and oxygen, which lead to reduced reliability and lifetime of
organic devices under normal environmental conditions. As such, untimely degradation of
individual materials and loss of device integrity are key limitations that hinder advancement and

commercialization of OPV technology [42].

The past decade has seen the development of main mechanisms responsible for degradation of
properties within the individual layers within polymeric OPV cell, from photoactive layer to
electrode to interconnection to encapsulation. Grossiord et. al. reviewed the present
understanding of the degradation mechanisms within OPV [5], highlighting the multi-trigger,
multi-site and interrelated nature of these mechanisms and their synergistic effect on temporal
decay in I-V curves. From their work and reports of others [5, 43], it is evident that the overall
stability of OPV cell is dependent on stability of the actual photoactive component, the barrier
and substrate layers and the interfacial stability. As such, significant research efforts have been

directed towards increasing these stabilities, with most efforts concentrated on improving the



intrinsic stability of photoactive materials within the cell structure [8, 14, 44-46]. Some of the
approaches included use of photoactive layers with more stable monomer units and minimal
number of reactive side groups [47], stabilization through introduction of additives [48],
optimization of polymer synthesis routes to minimize incidence and concentration of impurities
[49], and post-synthesis purification treatments [47], to name but a few [5]. Another highly
effective strategy to extend the device lifetime involves changes in the device architecture to

inverted geometry [50].

Much work has been devoted to the development of superior quality encapsulation technologies
to limit oxygen and moisture permeation from the environment into device layers. Suitably high
barrier performance encapsulation materials and structures can further extend device stability
and life expectancy providing sufficient durability to render OPV commercially attractive [51-
54]. However, these materials have to meet the requirements of good processability, high
optical transmission, high dielectric constant, low water absorptivity and permeability, high
resistance to ultra-violet (UV) degradation and thermal oxidation, good adhesion, mechanical
strength, and chemical inertness [55]. Due to the good combination of these properties and
established history of acceptable durability, inorganic materials are most commonly used as
encapsulants [56]. However, organic encapsulation materials offer significant advantages over
inorganic counterparts, including flexibility in the synthesis of the organic molecules, which
allows parameters such as the molecular weight, energy levels, bandgap and solubility to be
altered [8]. They are also disposable and have lower negative impact on the environment [27].
Therefore, organic encapsulating materials may be more suited for the development of

inexpensive all-organic PV cells [57-59].

Organic thin film materials fabricated from renewable precursors using low-cost deposition
methods, such as plasma-assisted nanoassembly, have lower environmental and economic costs
[27]. Low-temperature plasma deposition is a highly engineering-friendly, economical method
of polymer synthesis, that delivers practically pollutant free surface chemistry, and can be easily
integrated into manufacturing processes [60, 61]. The method offers a level of confidence and
deposition quality comparable to and in many cases superior to other widely-used techniques,
such as thermal chemical vapor deposition, wet chemistry processing, laser assisted
microfabrication, etc. [62, 63]. Films fabricated using plasma-assisted synthesis are typically
smooth, ultrathin and pinhole free, with good spatial uniformity, conformal coverage, and high

adhesion to the substrate [64].

The compound 1-isopropyl-4-methyl-1.4-cyclohexadiene, also known as y-terpinene, is a non-

synthetic isomeric hydrocarbon derived from Melaleuca alternifolia essential oil. Earlier, Jacob



and co-workers have successfully used plasma-assisted deposition to fabricate thin films from
other renewable precursors for application in electronics and biomedical fields, reporting
property variability linked to both deposition conditions and the chemistry of the monomer [22—
26]. Based on the aforementioned considerations, this project reports on the plasma-assisted
fabrication of new polymer thin films from fy-terpinene, with intention to use these films in

OPVs, specifically as encapsulation coatings.

1.2 RESEARCH OBJECTIVES

This project aimed to fabricate low cost, transparent thin films from environmentally friendly
low-cost resource with precisely defined properties, suitable for use in electronic devices,
particularly for encapsulation of OPV devices. This was achieved by addressing the following

goals, each of which contributed to the project aim:

* To improve fundamental understanding of plasma polymerization process.

* To fabricate organic polymer thin films from low-cost, renewable resource derived
from y-terpinene monomer using the radio frequency (RF) PECVD technique.

* To determine the material’s properties (optical, chemical, morphological, electrical etc.)
using appropriate methodology and to compare those against materials currently in use
within the chosen application.

* To investigate the relationship between the investigated properties and fabrication
conditions to further optimise most promising polymer thin films for the chosen
application.

* To test performance of the developed thin film structures incorporating them over OPV
device for the desired application to assess the viability and efficiency of such

implementation.

Achieving the above objectives led to several contributions in the field of materials
development and characterization. RF Plasma deposited y-terpinene (pp—GT) thin films
constituted a new material that has the potential to assist in design and realization of
environmentally friendly fully flexible low-cost electronic devices. The knowledge obtained in
the course of this project also contributed towards achieving a better understanding of the
relation between materials and device performance. This project provided a solid framework for
development of polymer materials based on essential oils i.e. y-terpinene for advanced
electronic applications, particularly OPV devices. Potential utilization of such Australian

environmentally friendly renewable resources in high-tech electronic applications seems to be



viable through achieving the objectives of this project.

1.3 CONCEPT OF THE THESIS

This thesis contains nine chapters, the body of which addresses directly the objectives of this
research work. Each chapter represents a manuscript or parts of manuscripts at various stages of

publication joined by a common argument.

Chapter II presents an overview of the basic principles of water vapor and oxygen permeation
through organic thin films used in PV applications. First, the various permeation mechanisms of
water vapor and oxygen through encapsulation films are reviewed. The next section in chapter
II introduces and compares the most commonly used techniques for surface modification of
polymers, with a particular focus on the RF PEVCD process. This chapter also serves as a
general introduction to plasma polymerization, and covers the fundamental aspects of plasma
physics that are necessary for a good understanding of this work. In this chapter, current
progress in the fields of organic electronics, particularly OPV is reviewed. Recent developments
in the area of flexible electronics are also discussed, with particular focus on the role plasma
polymer thin films play in the advancement of encapsulation technologies of OPV devices.
Some sections of this chapter are reported in the journal article J. Ahmad, K. Bazaka, L. J.
Anderson, R. D. White, and M. V. Jacob, "Materials and methods for encapsulation of OPV: A
review," Renewable and Sustainable Energy Reviews, vol. 27, pp. 104-117,2013.

Chapter III presents the plasma polymer thin film fabrication procedure, and details

experimental procedures employed throughout this research.

Chapter IV explores the fragmentation mechanisms of vy-terpinene during plasma
polymerization under various RF power conditions. The plasma chemistry is correlated to the
film chemical composition and the degree of cross-linking. The plasma chemistry was studied
by residual gas analysis (RGA) mass spectrometry. The findings were reported in the journal
article Ahmad, J., Bazaka, K., Whittle, J., Michelmore, A. and Jacob, M. V. (2014) Structural
Characterization of y-Terpinene Thin Films Using Mass Spectroscopy and X-ray Photoelectron

Spectroscopy. Plasma Processes and Polymers. doi: 10.1002/ppap. 201400220.

Chapter V presents the optical properties of pp—GT thin films through spectroscopic studies.
The next section in chapter V presents the surface morphological and tribological properties,
investigated through Atomic Force Microscopy (AFM) and nano-indentation measurements.

Film-substrate adhesion properties of pp—GT thin films are also discussed in this chapter. The



findings were reported in the journal article Ahmad, J., Bazaka, K. and M. and Jacob, M. V.,
"Optical and Surface Characterization of Radio Frequency Plasma Polymerized 1-Isopropyl-4-
Methyl-1,4-Cyclohexadiene Thin Films," Electronics, vol. 3, pp. 266-281, 2014.

Chapter VI presents the chemical properties of pp—GT thin films investigated by Fourier
Transform Infrared (FTIR) spectroscopy and X-ray Photoelectron Spectroscopy (XPS). The
wetting and solubility characteristics of these films were also examined and the compatibility of
the material with solvents utilized in the manufacturing of organic electronic devices has been
assessed. Work in this chapter is published as the journal article Ahmad, J., Bazaka, K.,
Oelgemoller, M. and Jacob, M. V., "Wetting, solubility and chemical characteristics of plasma
polymerized 1-isopropyl-4-methyl-1,4-cyclohexadiene thin films," Coatings, vol. 4, pp. 527-552,
2014.

Chapter VII details the electrical properties of the pp—GT thin films under varied input power
conditions, beginning with characterizations at direct current (dc) frequencies that determined
the conductivity of the films, their charge transport mechanism and dielectric strength using
current-voltage (IV) measurements. The frequency dependent dielectric properties at multiple
temperatures are presented, obtained through dielectric impedance spectroscopy, and a detailed
overview of the analytical techniques is given. The findings were reported in the journal article
Ahmad, J., Bazaka, K., and Jacob, M. V. (2015) Electrical conduction in plasma polymerized
thin films of y-terpinene that is accepted for publication in the Journal of Applied Polymer

Science.

Chapter VIII deals with stability aspects of pp—GT thin films. The stability of the films under
ambient conditions and when subjected to environmental factors are investigated here. Thermal
stability of the plasma polymers is also discussed in the next section in chapter VIII. Final
section demonstrates the effectiveness of pp—GT barrier layers by encapsulating organic
devices. The compatibility of the thin-film encapsulation process with organic solar cells is
verified by comparing the basic performance parameters of the devices before and after the
encapsulation process. A manuscript outlining the findings of this study are communicated as
Ahmad, J., Bazaka, K., Oelgemdller, M., Uddin, A. and Jacob, M. V. (2015) Aging, thermal
degradation, and photo—stability of plasma polymerized y-terpinene thin films (submitted to

Polymer Degradation and Stability for publication).

Chapter IX provides the concluding remarks of this research work. Recommendations for

directions of possible future work in the area are also provided in this chapter.
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CHAPTER I

LITERATURE REVIEW

The main goal of this chapter is to provide an overview of thin-film encapsulation technologies
for protecting organic electronic devices, particularly OPV devices from water vapor and

oxygen in order to improve the efficiency and extend the shelf-lifetime of devices.

Section II.1 gives an overview of the basic principles of water vapor and oxygen permeation
through various thin films, beginning with the current understanding of OPV. Recent
achievements in various thin-film barrier technologies comprised of high quality single and
multilayer coatings are also introduced and compared. Along with barrier performance, the
extended shelf-lifetime of encapsulated organic devices is discussed. One review article has
been published detailing these aspects — J. Ahmad, K. Bazaka, L. J. Anderson, R. D. White, and
M. V. Jacob, "Materials and methods for encapsulation of OPV: A review," Renewable and
Sustainable Energy Reviews, vol. 27, pp. 104-117, 2013.

Section I1.2 covers the surface modification techniques and plasma deposition of organic
materials as the scope of this thesis was limited to the investigation of a new material derived
from y-terpinene and fabricated using PECVD for use in organic electronic applications. Plasma
deposition of thin films is reviewed in this section, beginning with the current understanding of
the growth mechanisms involved. The relationship between the deposition parameters and

properties of the resulting thin films is also discussed.
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I1.1 ORGANIC PHOTOVOLTAICS (OPV) - CONCEPT

OPV, a novel technology, is based on thin films of organic semiconducting polymers [1]. The
ability to tailor the molecular properties to fit the application is an important advantage of these
materials. The modules built are lighter and more flexible compared to their heavy and rigid
inorganic counterparts, and thus less prone to damage and failure [2]. Moreover,
semiconducting polymers combine the opto-electronic properties of conventional
semiconductors with the excellent mechanical and processing properties of polymeric materials
[2]. These can be processed from solution at room temperature onto flexible substrates using
simple and therefore cheaper deposition methods [3]. As a result, considerably less effort and
production energy is needed. In addition, OPV shows other advantages including low material

requirements and the utilization of eco-friendly materials [2].

Energy conversion efficiencies achieved to date using organic polymers are low compared to
inorganic materials. However, OPVs have improved quickly in the last decade and recent
progress achieved using organic mono-crystalline, multilayered thin films and interpenetrated
network technologies show the potential of a very fast increase in the conversion yield of OPVs
[4-9]. External quantum efficiencies (EQE) have been increased by 50% using the bulk
heterojunction structure [10] and 80% EQE is reported for blends of conjugated polymers with
fullerenes [11]. The conversion efficiency of OPV solar cells has significantly increased over

the last decade as depicted in Figure I1.1 [5].
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I1.1.1 RELIABILITY ISSUES OF OPV
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Figure I1.2. Schematic diagram of the basic structure of OPVs

Organic materials are by nature more susceptible to degradation from oxygen and water than
inorganic materials. A number of studies have been carried out and they show that the stability/
degradation issue is quite complicated and not yet fully understood, though progress has been

made [1, 12-15].

Chemical degradation of OPV devices (Figure I1.2) is mainly attributed to interactions between
the active polymer layer and oxygen, water and electrode materials [1]. Oxygen is readily
activated by UV illumination in the presence of sensitizers such as titanium oxide or other
organic molecules [12]. The superoxide or hydrogen peroxide formed may then forcefully
attack any organic substance present including the active polymers. Some materials are more
vulnerable to degradation than others, e.g. oxygen and water can diffuse into the device through
a simple layer of poly[[[(2-ethylhexyl)oxy]methoxy-1 4-phenylene]-1,2-ethenediyl] i.e. MEH-
PPV sandwiched between indium tin oxide (ITO) and aluminium (Al) electrodes [16]. This
diffusion through thin films is addressed elsewhere [17-24]. Furthermore, diffusion through
outer electrode proceeds via microscopic pinholes present [12]. Metal grains that evaporated
electrodes typically consist of are other possible diffusion channels. Swelling is observed on the
outer electrode surface centered on the microscopic pinholes in the electrode surface due to the
oxidization and expansion of the organic material in all directions [23]. This degradation of the
electrodes generally leads to the degradation of the photoactive layer (PAL)—electrode interface
due to a decrease of the interfacial area because of formation of insulating patches and/or voids

[1]. All of these changes deteriorate the charge transfer between the PAL and electrodes, which
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can be coupled to mechanical breakdown and ultimately to delamination when longer exposure
times and/or mechanical stresses are considered [13, 25-29]. Alternatively, insulating patches
can also be created by other chemical reactions between the PAL and the metal electrode. As an
example, radical species formed in the PAL may react with the aluminum (Al) electrode,

leading to a gradual degradation of the PAL/electrode interface quality [30].

The mechanical properties of various polymers with high device PCE have been studied [1, 12,
14, 23, 26, 27, 31-33]. An important parameter for the quality of these polymer films is their
resistance to mechanical damage. However, scratch resistant polymer films very often cause
embrittlement of the system [34]. The decrease of molar mass resulting from chain scission
process is responsible for this [35]. Chain scission also induces chemicrystallization. These two
processes can lead to embrittlement through two possible causal chains: (1) chain
scission — molar mass decrease — chemicrystallization — decrease of the interlamellar
spacing — embrittlement; and (2) chain scission — molar mass decrease —
chemicrystallization — decrease of the tie-macromolecule concentration — embrittlement [35].
This may also result in modification of the optical properties of the polymer (i.e. decrease of
transparency), as well as an increase of light scattering due to physical reorganization of the
polymer chains [1]. Samples fabricated from poly(methylmethacrylate) (brittle layer) and
polycarbonate (substrate) as well as from styrene—acrylonitrile and acrylonitrile-butadiene—
styrene copolymers show this phenomenon [36]. Furthermore, if the system is stressed, cracks
can be initiated in the film, and trigger fracture in the polymeric substrate due to the stress

intensity at the crack tip [23].

In addition to the degradation mechanisms listed above, electrical output of PV module can be
significantly affected by various factors such as moisture, UV light, temperature etc. [37].
Exposure to oxygen has been found to lower the conductivity of thin films. Upon oxygen
uptake, the electron mobility is reduced by several orders of magnitude because the introduced
oxygen acts as an electron trap [38]. The permeability of polymers is influenced by both the
mobility of the polymer chains and the strength of the interaction between the polymer and
penetrant. Moreover, chain scission increases the free volume of the polymer system, which can
lead to an increase in permeability and decrease in mobility [12]. This reaction also affects the
ordering of the polymer chains that contributes to cell degradation as they affect charge
transport. As a result, short circuit current density, J,. decreases, which induces a drop of the

OPYV cell efficiency [1].

Optical properties of polymers typically are not influenced by changes in temperature or the

application of stress [12]. However, simultaneous application of stress and temperature can
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induce crystallization and the growth of spherulitic structures that scatter light and decrease
clarity. Chain scission reactions can lead to the formation of chromophores that may drastically

increase absorption in either the UV or visible spectral range or both [1].

Soil accumulation is another issue that reduces light transmission of the solar cells and
therefore, reduces power output [31]. Presence of dust particles in the stacking or the organic
PAL layer—electrode interface can induce higher local electrical fields, paving the way to the

formation of microscopic conduction paths through the organic layer during operation [39].

The reliability issues discussed above should be solved to maintain stability and lifetime of
OPV. Encapsulation can be a solution to these issues [40]. The desired encapsulation method
may block oxygen and water effectively which in turn provides a solution to the diffusion
through microscopic pinholes [41]. This also prevents insulating patches and/or voids and
therefore, photoactive layer (PAL)—electrode interface remains stable. As a result, charge
transfer between the PAL and electrodes does not deteriorate. Encapsulation also provides
resistance to mechanical damage and structural support. By absorbing stress, it prevents
initiation of cracks and triggering of fractures. Encapsulation offers optical coupling, electrical
isolation, physical isolation and thermal conduction for the solar cell assembly that keeps the
electrical output and the optical properties stable for the desired lifetime [42]. It should be thin
and lightweight to take full advantage of the potentials of OPV cells in practical applications

[42]. However, currently available materials do not satisfy all of these requirements [43].

I1.1.2 BASIC PRINCIPLES OF PERMEATION

The basic function of encapsulation barrier films is to limit the exposure of OPV devices to
water vapor and oxygen. This is done by controlling the permeation through barrier films [44].
Permeation is usually a two-step process beginning with the absorption of a substance into the
solid followed by diffusion of the substance [45]. Therefore, in the case of a homogenous film
at steady state, the permeability P is equal to the product of solubility coefficient S and diffusion
coefficient D: [20]

P =S.D ({L.1)
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Figure I1.3. Permeation of gas or vapor through (a) single layer and (b) multiple composite

P, C, L, D, and S in Figure I1.3 (a) indicate vapor or gas pressure, concentration, thickness, and
diffusion and solubility coefficients respectively. Fick’s first law of diffusion and Henry’s law
can describe this process and permeation model with boundary conditions are also shown in

Figure I1.3 (a). Permeant flux J is therefore proportional to the concentration as
]=-D.V(c) , (I1.2)

where, ¢ is the concentration. With the assumption of Henry’s law which relates the
concentration (c) to the partial pressure (4P) through the linear relationship, ¢ = S4P, the

concentration in Eq. (II.2) can then be re-written as

DS(Po—P
= 2t (IL3)

However, transient study of permeation has drawn much attention due to the introduction of
barrier layers having long lag times. In the case of time dependent gas permeation, Fick’s

second law can be used:
ac 9%c . 9%c

d%c
Pl V(D.V(c)) =D. (ﬁ + %7 + po (I1.4)

where the diffusion coefficient has been assumed spatially constant. In the case of multilayer
encapsulation architectures, the equation for the total permeability coefficient Py of a multilayer
structure with n layers each with a uniform thickness L, and permeability coefficient Pr (as

illustrated in Figure 11.3 (b)) is
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In Eq. (IL.5), Ly is the total thickness of the multilayer structure. Assuming a constant
permeant flux through all layers under steady state conditions, this total permeability coefficient

of the multilayer film is derived.
I1.1.3 THE PERMEATION MECHANISM OF WATER VAPOR AND GAS

The entrapment of polymer chains creates interstitial spaces that can change with time due to
the dynamic internal lattice structure of polymers. The permeation through the deposited thin
film is expected to occur through macro defects and nano-scale defects including these
interstitial spaces [20]. Imperfect structure of the deposited thin films such as voids, columnar
structures and grain formation etc. can create these defects that have been widely investigated in
other reports [17, 20, 21, 46]. The AFM image in the Figure 11.4 (a) shows the grain-like
structure of PECVD deposited SiO, film on PET substrate [47]. TEM image in Figure 11.4 (b)
reveals the presence of nanoscale defects between adjacent SiO, grains and these defects can be

further reduced by optimizing process conditions [48].

(b)
Figure I1.4. (a) AFM image for surface morphology of SiO, deposited on the PET substrate by

PECVD [48]. (b) TEM image of a relatively poor SiO, barrier coatings deposited by
PECVD on the PET substrate [49].

Imperfect structures of deposited films are understood better if SiO,is deposited on glass instead
of PET. Figure IL.5 (a)-(c) show surface morphologies of SiO, deposited by PECVD on glass
substrates that clearly contains voids and grain formation resulting in relatively rough surface
(RMS surface roughness: 3.8 nm). This imperfect structure provides a permeation path for

water vapor and oxygen as illustrated in Figure 1.5 (d).
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(a) (b) (c)

(d)
Figure ILS. ((a)-(c)): The surface morphology (200nm, 100nm and 40 nm respectively) of SiO,
deposited by PECVD on glass substrates (d) The expected cross-section of SiO,
based upon AFM images and defects

Micro-size defects in films originate from particles on the substrate and geometrics shadowing
by structural topography. These defects attribute to defect controlled permeation as do the
intrinsic defects from the growth mechanism [50]. These micro-size defects largely determine
the barrier performance and a defect driven permeation model was proposed to render visible
defects by using atomic oxygen etching [51, 52]. Briefly, the SEM image in the Figure 11.6 (a)
shows a micro-sized defect caused by a particle and the optical microscope image in Figure I1.6
(b) shows the evolution of defect size with initially a 1um diameter and after 120 min of

exposure [51].
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(b)
Figure I1.6. (a) SEM image of defects caused by a dust particle. (b) After 120 min AO

exposure, defects identified by optical microscope [53]



Activation rate theory has been widely used in many references [18, 51, 52] for the
investigation of diffusion mechanism for water vapor and oxygen. Activation energy for water
permeation is a measure of the energy needed to promote the permeant to the activated state and
to deform the barrier matrix so that the permeant may move into the next vacancy. The transport
of ideal gas below glass transition temperature (7,) can be described by Arrhenius equation

[54];

P = Pye AEp/RT (IL.6)

where P, P, and 4E, are the permeability, pre-exponential factor, and activation energy for
permeation in kJ/mol, respectively. This theory can also be used to predict the temperature
dependency of barrier layers [55, 56]. Activation rate theory was employed by Sobrinho et al.
for the diffusion of oxygen and water vapor through SiO, and SiN, coated PET and bare PET
substrate [51]. Diffusion of water vapor deviates from the diffusion of an ideal gas and cannot
be explained solely by defect dominant permeation mechanisms. Also, other phenomena such as
water-induced swelling of polymers and adsorption of water vapor molecules in nanopores of
different barriers are possible reasons for non-Fickian behavior of water vapor through barrier
layers [57]. It is therefore necessary to consider the interaction of water vapor with barrier
layers to characterize the barrier performance and design adequate thin film encapsulation for

OPV.

I1.1.4 ENCAPSULATION REQUIREMENTS

Due to the young age and rapidly evolving nature of the OPV technology, as well as complex
mechanism of OPV device degradation, the encapsulation requirements for OPVs are not fully
defined even though the ongoing research efforts are devoted to determine these. However,
some important aspects of encapsulants are high dielectric breakdown, high volume resistivity
and matching refractive index (n) with other layers. Water vapor transmission rate (WVTR) and
oxygen transmission rate (OTR) are the steady state rates at which water vapor and oxygen
(respectively) gas can penetrate through a film that affects the encapsulation layer. Another
important material property often discussed in encapsulation is the glass transition temperature
(T,), which is a function of chain flexibility. The glass transition occurs when there is enough
vibrational (thermal) energy in the system to create sufficient free-volume to permit sequences
of 6-10 main-chain carbons to move together as a unit. At this point, the mechanical behavior
of the polymer changes from rigid and brittle to tough and leathery (plastic behavior). In case of
temperature extremes, it is important to know what the potential exposure temperatures are and

how they will affect the mechanical behavior of the material. Moreover, measurement of light
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transmission is important for encapsulation due to the need for transparent materials.

Hydrolysis, UV absorption degradation and some other aspects are also important to define the

encapsulation requirements. A list of these requirements and specifications is given in Table

I1.6.1 [31].

Table II.1. Specifications and requirements for encapsulant materials

Characteristics Specification or requirement
WVTR 10*-10° g m™* day™
OTR 107 - 10° ecm’m™ day™ atm™

Glass transition temperature (T,)

Total hemispherical light transmission over
the wavelength range from 400 nm to 1100 nm
Hydrolysis

Water absorption

Resistance to thermal oxidation

Mechanical creep

Tensile modulus

Chemical inertness

UV absorption degradation

Hazing or clouding

< —40°C (during winter in deserts)

> 90% of incident light

None (80°C, 100% RH)

< 0.5 wt% (20°C/100% RH)

Stable (up to 85°C)

None (90°C)

< 20.7 MPa (< 3000 psi) at 25°C

No reaction (with embedded Cu coupons at
90°C)

None (> 350 nm)

None (80°C, 100% RH)

I1.1.5 THIN FILM ENCAPSULATION

The relatively strong sensitivity of OPV devices to water vapor and oxygen, which induces

degradation, places stringent demands on the barrier performance of encapsulation materials

and structures. To meet these encapsulation requirements, different approaches have been

adopted such as single layer and multi-layer encapsulation.

I1.1.5.1 SINGLE LAYER THIN FILM ENCAPSULATION

Single layer thin films are attractive because of the simplicity of the manufacturing process

compared to multilayer thin film encapsulation methods that require multiple processing steps.

Inorganic single layer encapsulating films are limited in their performance mainly due to the

existence of defects in the films, which provide pathways for water vapor and oxygen to
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permeate through the barrier layers [50]. In fact, research into developing single layer
encapsulation films has mainly focused on the reduction of these defects to improve barrier

performance and organic films can address this issue effectively [58].

11.1.5.1.1 INORGANIC MATERIALS

SILICON (Si): Thin films of Si are noted to be suitable for encapsulating solar cells [59, 60].
This is primarily due to its high transparency in the UV—visible wavelengths, excellent tolerance
to high optical flux and excellent thermal and environmental stability [59]. Depending upon the
chemical constituents attached to the atom, Si can be formulated to a wide range of refractive
indices (between 1.38 to 1.58) [61]. Due to its low modulus and low glass transition temperature
(= 50 °C), Si is stress relieving over a wide temperature range. It is well known as a dielectric
insulator and has high volume resistivity [50]. Moreover, because of hydrophobicity, it has low
moisture pick-up in damp-heat environment and in total water immersion [62]. Damp-heat has a
negative influence on devices [37, 63], e.g. copper indium gallium selenide (CIGS) cells suffer
from reduced open circuit voltage (Vo) and fill factor (FF) [64]. Low moisture of Si uptake is

therefore an excellent property for its use as an encapsulant [59].

SILICON NITRIDE (SiN,): SiN, thin films can be deposited using radio frequency (RF)
PECVD and low frequency (LF) PECVD. However, films deposited using these processes show
significant differences. The layers deposited with LF PECVD show lower values of extinction
coefficient for the same refractive index values, which means that LF PECVD layers have lower
absorption and are more suitable for PV [65]. Fourier transform infrared spectroscopy (FTIR)
characterization shows that LF PECVD layers have the highest Si—N bond density at 1.2x10*
cm” [65]. The maximal density of the film deposited by LF PECVD at 360°C is equal 2.6
g/cm’, which is lower than the value (2.8-3 g/cm’) required to obtain high efficiency [65]. An
efficiency of 14.1% was found with Voec = 590 mV at 360°C for solar cells with SiN, layer
deposited by LF PECVD. The OTR and WVTR for SiN, films are below the detection limit of
MOCON method (0.01 cm’ m™® day” and 0.01 g¢ m™ day™ respectively) [66]. Low stress for

these films is also important for encapsulation purpose [67].

The reason for middling behavior of the SiN, film deposited by RF PECVD may be due to the
extent to which the chemical structure of the polymer differs from that of the monomer and the
power level used during the deposition. The degree of monomer fragmentation is determined to
a large extent by the intensity of the plasma field, with the higher bond dissociation
corresponding to the increased magnitude of the RF energy input [68]. Furthermore, there is an

increase in the temperature of the substrate associated with higher applied power. Lowering the
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substrate temperature encourages condensation and adsorption of non-excited gaseous species
and subsequent incorporation of an increased number of non-fragmented molecules or slightly
fragmented precursors in the growth region of the film [69]. This process of integration of large
fragments is driven by the reactive species, which arise as a result of plasma field. In addition,
in agreement with a competitive ablation-polymerization concept [70], the respective rates for
ablation and polymerization may have differing temperature dependencies and therefore it is
possible that lower temperatures may result in a reduction of energetic particle damage [71].
Hence, by choosing appropriate RF power conditions, encapsulation films with material

properties tailored to the desired application can be manufactured.

ALUMINIUM OXIDE (AL0;): Atomic layer deposition (ALD) is a promising alternative to
PECVD. Encapsulation films have been achieved using Al,O; [55, 72] and ALO;/HfO,
nanolaminates [73] deposited by this process. H,O is used as the oxidant in both approaches.
However, the films deposited by ALD using H,O as the oxidant have a high impurity content,
particularly of hydrogen [74]. A longer time is also needed during deposition to purge water
molecules from the surface of the cell, as water has a high surface affinity owing to its large
dipole moment [74, 75]. This problem reduces throughput of the process [76]. In current
semiconductor technology, O; is the preferred oxidant and higher throughput is gained from O;-
based ALD as the time required for surface reactions and purging of the unreacted surface
adsorbed species is much shorter than H,0-based processes [74-77]. This is due to the high
chemical reactivity between trimethylaluminum (TMA) and O;, meaning that it can be purged
more efficiently than H,O [77]. An O;-ALO; film also shows smaller residual hydrogen
concentration compared to H,O-ALO; films [40, 74]. Only ALO; is used as the primary barrier
layer and no UV-curable epoxy resin film is used as an additional sealant for protecting OPVs
from ambient moisture or oxygen. A WVTR of 1.7 x 10° g m™~ day ' at 38 °C is found by

quantitative Ca test [55].

The encapsulating ability of A,O; deposited using both O; and H,0 increases with increase in
thickness, which is expected [40]. The efficiency of O;-based ALD for device encapsulation is
further highlighted by the fact that 10.2 nm of O;—Al,O; (120 cycles) offers better encapsulation
than 20 nm of H,0-ALO; (210 cycles) [40]. A thick film of 200 nm is used for the protection of
OPV from ambient conditions and ALO; layer is deposited using H,O at a growth rate of 10
nm/h [78]. However, 60% degradation is reported in device efficiency within 100 h, indicating
extremely poor encapsulation by the ALLO; layer grown using H,O. In comparison, a device
capped with 18 nm of O;-ALO; shows 80% retention of the initial efficiency in over 500 h
[78]. ALD also serves as the annealing step and irrespective of the anneal temperature, the O;—

AL, Os layers showed superior encapsulation compared to the H,0O-ALO; film. Encapsulation by
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AL, O3 deposited using ALD is further demonstrated by the performance of pentacene/Cg—based
OPV cells. These cells are found to be stable for 6,000 h in ambient conditions with negligible
deterioration in properties [78]. ALD encapsulation process on a pentacene/Cgy —based PV
device was performed at 100 °C and no negative impact on the device performance was
observed, other than changes due to the effect of thermal annealing, which have been reported

previously [79].
I1.1.5.1.2 ORGANIC MATERIALS

ETHYLENE VINYL ACETATE (EVA)
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Figure I1.7. Chemical structure of EVA

EVA, a copolymer of ethylene and vinyl acetate (Figure I1.7), is one of the most widely used
encapsulating materials among the single layer encapsulation films available [80]. It offers
weather resistance and long-term reliability under long periods of exposure to different elements
[81]. EVA has transmission of 91%, a volume resistivity of 0.2 ~ 1.4 x 10" Q—cm and an
adhesion strength of 9—-12 N/mm (90° peel). Other advantages are its low cost, dimensional
stability and volumetric fill. Therefore, based on the film extrudability and transparency, EVA

was used for encapsulation purpose [82].

EUROPIUM DOPED EVA: EVA doped with a single europium (Eu’*) complex whose
sensitized region is broadened due to the presence of a co-ligand 4,4’ bis(diethylamino)
benzophenone (EABP), has been characterized optically and electrically for encapsulation
purpose [83]. The Eu’* complex shows an absorption band at 310 nm with full width at half
maximum (FWHM) of 46 nm, while the EABP spectrum is centered at 360 nm with a FWHM
of about 45 nm. Therefore, neither the organolanthanide complex nor the ketone is able to
absorb visible light. But, a ground-state complex formed by EABP and tris[3-
(trifluoromethylhydroxymethylene)-d-camphorato]europium(IIl) (Eu(tfc);) by the interaction of
the positively charged Eu’* ion with the electron rich carbonyl group can absorb visible light

[83].
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Coordinating EABP via its carbonyl group to the lanthanide ion gives rise to stabilization of the
very polar energy levels involved. Therefore, doping the PV module encapsulating matrix with
Eu(tfc);—EABP allows the exploitation of a wide portion of the solar spectrum. Moreover,
europium doped EVA layers are able to induce down-shifting of photons with wavelengths
lower than 460 nm. A 2.9% relative increase of the total power delivered has been observed

[83].

ETHYLENE METHYL ACRYLATE (EMA): EMA, a copolymer of ethylene and methyl
acrylate, has a potential advantage over EVA because it does not soften to a viscous melt above
70°C and, may not need curing as does EVA to achieve high temperature creep resistance [31].
The key benefits of EMA are its thermal stability, adherence to various substrates, chemical
resistance and good mechanical behavior at low temperature [31]. These qualities match with

some of the requirements of OPV and therefore used for encapsulation purpose [84].

POLYVINYL BUTYRAL (PVB)

Figure I1.8. Chemical structure of PVB

PVB can be used as encapsulation layer which is already widely applied in modern mass
production of thin film solar cells [85]. Where EVA is an elastomeric cross-linking material
activated by exposure to heat and/or UV light, PVB (Figure I1.8) is a thermoplastic product that
is non-cross-linking on exposure to heat. As a result, PVB can retain its original chemical
composition [86]. The advantages of the film fabricated from PVB are its optical transparency,
adhesive properties on glass, solar cells, and other plastics, high bond durability, resistance to
heat, UV light and environmental influences and high compatibility with module components
[86]. It can strongly reduce the moisture permeation and degradation of CIGS-based solar cell

and consequently ensure longer lifetime [87].



THERMOPLASTIC POLYURETHANE (TPU):
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Figure I1.9. Chemical structure of Polyurethane

Platilon® hot-melt adhesive films have been made of TPU (Figure 11.9) to avoid the problem of
time-consuming vacuum lamination. This film is superior to EVA due to the flexibility in
bonding with relatively hard materials [88]. TPU films facilitate continuous, vacuum-free
processing without cross-linking and emissions. These advantages scale up the productivity in
the manufacture of OPV devices. It shows much less UV-induced yellowing and bonds better to
substrate than EVA [89]. Several companies such as SunWare Solartechnik GmbH, Bemis
Worldwide etc. have introduced TPU encapsulation films, which show improvements over non-

encapsulated devices [89].

CYCLIZED PERFLUOROPOLYMER (CYTOP™):. For creating commercially viable
encapsulation structures for flexible OPV devices, a commercial polymer Cyrop™ (Figure 11.10)
was reported [90]. This polymer is transparent, amorphous, and can be deposited using
conventional thin film deposition techniques such as spin coating. It is available as a high
viscosity resin with chemical structure shown in Figure I1.7. Atomic force microscopy (AFM)
analysis shows that spin coating of this resin yields very smooth films with a root mean square
roughness of 3.8 A [90]. Contact angle (CA) analysis defines the material as hydrophobic
having a water CA of 110°. This material provides a good oxygen/water-vapor barrier in
lifetime tests of organic light emitting diodes (OLED’s) [91]. OLED's are even more sensitive
to oxygen/water-vapor degradation than OPV. Cytop™ may therefore provide part of the barrier

needed for commercially viable, flexible, printable solar cells [90].
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Figure I1.10. Molecular structure for Cyrop™ [91]



I1.1.5.1.3 ORGANIC-INORGANIC HYBRID MATERIALS

ORMOCER®(ORM): By using a technology combining organic and inorganic components
through the sol-gel method, the organically modified ceramics or ORM is formed [92]. The
main characteristic of this type of material is the incorporation of organic groups linked to the
inorganic backbone formed by hydrolysis and condensation of alkoxides [93]. The combination
of organic and inorganic networks in the ORM can enhance and improve resistance to chemical
degradation [94]. Fraunhofer ISC (a materials research institute) introduced thin film based on
ORM for encapsulation purpose, whose property profile can be varied almost at liberty with the

aid of chemical nanotechnology [95].

All transparent materials reflect a certain amount of incident light. Surface structures in the
submicron range can help to significantly reduce reflections by producing a smooth change in
the refractive index at the surface boundary between air and the substrate. Structured ORM
coatings typically reduce the reflection of a glass pane from 8 % to 1 %, thus increasing the
transmission from 92 % to 98 % [95]. It has scratch resistance at layer thicknesses of only a few
micrometers. It is highly transparent and has some other characteristics such as anti-soiling,
antistatic or diffusion-inhibiting properties. OTR is measured below 0.01 cm’ m?day™ while the
WVTR reaches the value 0.01 g m”day . These results are in the range of the necessary barrier

requirements for the encapsulation of solar cells [95].

ORMOSIL AEROGEL THIN FILM: In nature, many plants and animals utilize
superhydrophobic surfaces with a water CA larger than 150° and a sliding angle (SA) lower
than 10° [96-98]. Inspired by this structure, many artificial super hydrophobic surfaces have
been produced with a variety of techniques [99-105]. However, simple, low-cost, and large area
fabrication of super hydrophobic surfaces, vital for practical applications, is rarely achieved and
with a view to achieving this goal, several surfaces have been introduced recently [106-109].
Highly transparent and organically modified silica (ORMOSIL) aerogel thin film is one of them
that has good thermal and mechanical stability [106]. ORMOSIL materials show some unique
properties, such as flexibility and stability at atmospheric conditions, which cannot be afforded
by either organic polymers or glasses alone. Both chemical and physical properties of the
resulting surfaces, such as wettability, can be changed by modifying the organic group on the
ORMOSIL [110]. Moreover, ORMOSIL aerogel thin films are highly transparent, do not need
any pre or post surface treatments and can be applied on a variety of substrates at ambient

conditions with common thin film deposition methods [106].
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Figure I1.11. Surface morphologies of ORMOSIL aerogel films [106]

ORMOSIL aerogel films have highly porous networks (Figure 11.11) that provide high chemical
and thermal stability, superior aging behavior and can facilitate a very short diffusion pathway
for ions. These aerogel thin films contain both micrometer and nanometer scale roughness
which provide super hydrophobicity. The films preserve their super hydrophobicity even after
annealing at 500°C for 1 hour and also exhibit very high CA of 179.9° [106]. For higher
temperatures, the CA starts to decrease and super hydrophilic films with CA less than 5° are
obtained at 600°C. The increase in the macro porosity results in higher static CA values. This
increase stems from increasing roughness which allows more air to be trapped between the

water and the surface [106].

Super hydrophobic coatings must be transparent to be used in OPV cells. However, high surface
roughness required for super hydrophobicity lowers the transparency by scattering light [88,
111]. ORMOSIL aerogel thin films are found to have an average surface roughness smaller than
100 nm, resulting in a highly transparent appearance. As a result, this approach is a suitable

option for encapsulation of OPV [106].

OTHER ORGANIC MATERIALS: The air and encapsulation induced degradations affect the
efficiency of organic thin film transistors (OTFT) and solar cells. To counteract the
encapsulation-induced degradations in OTFT, ten types of encapsulating polymers over poly(3-
hexylthiophene) (P3HT) are studied [112]. This research on OTFT gives us ideas about the
degradation mechanisms and new encapsulation approach that can be applied on OPV. It is
found that degradations could be avoided with polymers containing low-polarity functional
groups, having poly(vinyl methyl ketone), poly(methyl vinyl ether), poly(methyl methacrylate),
and polystyrene. Encapsulating polymers were poly(vinyl methyl ketone) (PVMK), poly(methyl
vinyl ether) (PMVE), poly(methyl methacrylate) (PMMA), polystyrene (PS), poly(vinylidene
chloride—co—vinyl chloride) (PVDC-co-PVC), poly(vinyl chloride) (PVC), poly(vinylidene
fluoride) (PVDF), polyacrylonitride (PAN), poly(vinyl alcohol) (PVA) and poly(vinyl phenol)
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(PVP). Of the 10 polymers tested, six polymers, namely PVA, PVP, PAN, PVC, PVDC—co-
PVC, and PVDF induced strong p-type doping, i.e., they increased the off current (by 2—4
orders of magnitude), increased the on current (by 2—7 fold), and reduced the on/off ratio (by ~3
orders of magnitude). As a result, the P3HT layer encapsulated with the six doping-inducing
polymers essentially becomes conductive, with conductivity rising from the pristine value of
1.1x10” S/cm to up to 1.6 S/cm [112]. The strong p-type doping by the six polymers was
attributable to their electron-withdrawing functional groups. On the other hand, other 4
polymers - PVMK, PMVE, PMMA, and PS did not cause observable degradation [112]. This
indicates that the functional groups on these polymers were not inducing charge-displacing
interactions with P3HT. This was attributed to the lack of electron-withdrawing group on PS
and PMVE [76]. On PVMK and PMMA, although there were the electron withdrawing
carbonyl groups, the absence of degradation suggested that the interactions between P3HT and
the carbonyl groups may have been hindered by the alkyl groups adjacent to the carbonyl

groups [112].

Taking into account the identified sources of degradation, an encapsulation approach is
demonstrated [112] which involves using a low-polarity encapsulating polymer (polystyrene)
layer to serve as a moisture barrier and to avoid encapsulation-induced degradation. It also
includes applying a light-blocking dye to eliminate the effects of oxygen [112]. This approach
shows nearly constant device characteristics for >5500 h of storage in the ambient air. This

long-term stability is a significant improvement over previously reported results [113-116].

I1.1.5.1.4 COMPARISON AMONG SINGLE LAYER ENCAPSULATION MATERIALS

High transparency is found for Si polymers in the UV—visible band [59]. It is found down to 250
nm compared to the cutoff of 400 nm for EVA. It requires no additional additives to protect
against UV degradation such as those used in other encapsulants like EVA formulations [59].
However, Si is very permeable to gas and water vapor and damp heat caused reduction in

transmission [62].

Weatherability testing of EVA under UV irradiation and evaluation by FTIR measurements
(Figure 11.12) [81] shows apparent absorption growth at about 1715 cm™” and 1175 cm™,
representing carbonyl C=0 stretching vibration in the rapidly forming ketone structure and C-
O vibration respectively [117]. It might be obtained during the H,O deprivation reaction of the
hydroperoxide [118], or formed from the acetaldehyde evolution process in Norrish III
photolysis reaction [119]. Such ketone structures are unstable that can lead to molecular

decomposition in EVA [81]. Furthermore, adhesion strength can be affected by the processing
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conditions, damp heat and exposure time.
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Figure I1.12. FTIR spectra of EVA film during UV irradiation [81]

Yellow browning is another problem with the EVA films which leads to large transmission
(%T) loss and power loss [80]. Furthermore, EVA softens to a viscous melt above 70°C and,

therefore, must be cured (cross-linked) for service temperatures above 70°C [31].

Improvements were monitored for SiO, and SiN, encapsulation films over non-encapsulated
devices [66]. However, the deposition of the encapsulation structure may cause plasma damage
on the devices owing to the high sensitivity of the organic films to radiation, charging and
heating [120, 121]. Introducing a buffer layer between the active layer and the barrier structure
for reducing the plasma damage is therefore essential [33]. Encapsulation performance of Al,O;
is also found to be excellent [73, 78]. However, their relatively slow deposition rate compared
to PECVD-based methods makes them more difficult to use in low-cost mass manufacturing
processes. EMA and PVB have the same problem as vacuum-bag lamination is needed for the

fabrication that is a slow process [31, 86].
11.1.5.2 MULTILAYER THIN FILM ENCAPSULATION

Multilayer films are widely used for encapsulation of OPV devices and often consist of
alternating organic and/or inorganic layers [41, 76, 122-126]. Examples of multilayer films
include alternating layers of inorganic materials such as SiN, and SiO, deposited by PECVD or
a combination of ALO;/SiO, deposited by ALD [76, 127]. This multilayer approach is
developed to thwart the defect issues limiting the barrier performance of single-layer

encapsulation films. Defects which span the entire thickness of the individual inorganic layers



are interrupted by applying multilayer films with alternating materials and do not channel
continuously through the encapsulation film structure. This structure creates a path resulting in

long effective diffusion pathways, increasing the barrier performance [128].

11.1.5.2.1 INORGANIC MATERIALS

SILICON OXIDE (SiO,) AND SILICON NITRIDE (SiN,): A barrier structure consisting of
SiO, and SiN, films deposited via PECVD has been tested for the encapsulation purpose [127].
The WVTR of the barrier structure is ~3.12x10° g m™® day™ measured by a calcium test at 25
°C, 40%RH. This encapsulation structure shows less reactivity to water vapor and oxygen than
individual SiO, or SiN, film [127]. Devices using the encapsulation structure are found to have a
relatively low short circuit current density (Jg¢c) of 6.1 mA/cm?, FF of 32% and PCE of 0.98%
compared to the devices without barrier structure (Jgc = 8.2 mA/cm?®, FF=37% and
PCE=1.57%). This performance presents a high potential for the structure to be used for

encapsulation purpose of OPV [127].

NITROGEN GAS-PHASE SPACER: Permeation of gases through polymeric barriers is
frequently described by the “solution-diffusion” model [129, 130], in which gas molecules
dissolve in the barrier and then diffuse down a concentration gradient through the barrier. The
total permeation rate is influenced by both the diffusion and the sorption properties of the
permeant in the barrier. At steady state, the permeation rate is inversely proportional to the
barrier thickness. However, increasing the barrier thickness increases encapsulation cost and to
find an alternative encapsulation architecture that increases device lifetime without additional
cost, contaminant-free (e.g., pure N,) gas-phase spacers were inserted between free-standing

barrier films in a multilayer structure (Figure I1.13 (a)) [131].
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Figure II.13. (a) A calcium film encapsulated with a nitrogen gas-phase spacer between

freestanding barrier films (b) Russian Doll encapsulation architecture [132]
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The nitrogen spacers act as sinks for permeating H,O and O,, delaying establishment of steady-
state chemical potential gradients across the downstream barrier layers during the transient
regime and thereby reducing permeation rates. A limitation for the barrier performance of the
encapsulation architecture (Figure I1.13 (a)) is the epoxy (E;), attaching Barrier (1) to the glass
substrate, through which contaminants can diffuse and reach the encapsulated device without
ever passing through the high performance barrier material [132]. Although the exposed area
(and hence the contaminants flux) of E; is much smaller than Barrier (1), inexpensive epoxies
are not optimized for barrier performance and so may have substantially higher permeability. As
a result, diffusion through the epoxy may be large enough to result in significant flux of
permeants through E; [132]. This flux may constitute the limiting factor for encapsulation
performance. Using an encapsulation architecture that minimizes transport through epoxy layers

is therefore desirable.

An encapsulation architecture utilizing a Russian Doll architecture (separating pairs of free-
standing barrier films and epoxy seals with nitrogen spacers) (Figure 11.13 (b)) is introduced to
minimize the problem encountered by the nitrogen gas-phase spacer as discussed earlier [132].
Unlike the architecture of Figure I1.13 (a), here permeants have to pass through at least two
epoxy layers and a nitrogen spacer permeant sink to reach a device. The calcium thin film
optical transmission test indicates that this encapsulating structure results in less than 10%
calcium degradation after 95,000 min and a WVTR value of 0.00021 g m~day, confirming
that this architecture can enable construction of high performance barriers from low-cost

materials [132].

TANTALUM-SILICON-OXYGEN (Ta-Si-O)/TANTALUM-SILICON-NITRIDE (Ta-Si-
N): With a view to establishing a highly efficient barrier against humidity diffusion, thin films
of Ta—Si-O/Ta—Si—-N were investigated [133]. Investigations show that a 10 nm thick Ta—Si—-N
layer deposited onto a Ta—Si—O layer reduces CIS solar cell degradation at an accelerated aging
test. Transparency is found for 7a—Si—O films over the whole CIS absorption region [133]. With
increasing reactive gas content, the deposited films become more and more resistive. At the
point of target poisoning, the thin-film resistance is changed from an ohmic to an insulating
behavior. The electrical breakdown of 200 nm thick 7Ta—Si-O films appears at 6.5 MV/cm and
reactively sputtered SiO; layers break down at approximately 10 MV/cm. Therefore, Ta—Si—O is
a good isolator and passes the electrical needs for front diffusion barriers [133]. Reactively
sputtered Ta—Si—N films are unstable even under low electrical stress. The thin-film capacitor
with a Ta-Si—N dielectric layer reaches no significant breakdown voltage. The weak field
stability of Ta—Si—N makes it suitable for using as an additional isolation layer. Altogether, a

double-layer encapsulation, consisting of 7a—Si—O and Ta—-Si—N, is able to protect a cell well
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against degradation in the accelerated aging test. Therefore, such a diffusion barrier is a good

option for encapsulation of flexible solar modules [133].

ALO;/Si0;: Single Al,O; atomic layer deposition (ALD) films on polymers have demonstrated
excellent gas diffusion barrier properties [40, 55, 73, 78]. Further improvements can be
achieved using multilayers of ALO; layers with other inorganic layers [76]. ALO;/SiO; bilayers
(26nm and 60 nm, respectively) can reduce the effective WVTR to 1x10* g m™ day”, as
opposed to ~1x10~” ¢ m? day™ for the 26nm thick Al,O; layer [76]. Some corrosion of ALO;
layer was reported due to H,O, which deteriorates the barrier functionality [75]. By the concept
of ALO;/SiO; bilayers, it is possible to reduce this corrosion substantially and improve the gas

diffusion barrier performance [76].

ALO;/ZrO;: Nanolaminate films of Al,O3/ZrO; thin layers have been investigated to counter the
drawbacks of Al,0;/SiO, bilayers [56, 125, 134, 135]. Nanolaminates are composite films
comprised of alternating layers of different materials that often imparts unique properties to the
films, which have physical properties that are superior to those of the constituent materials
[125]. In this structure, amorphous A/,O; sublayers serve as “termination” layers that hinder the
formation of extended ZrO, crystallites and the ZrO, layer is intended to stop the accumulation
of unreacted AI-OH species [56]. The denser ZrAl,O,—aluminate phase that forms at the
interfaces of the nanolaminate layer seems to hinder the penetration of moisture through the
layer [125]. Experimental results prove that 100 nm and 130nm thick AlLOs;/ ZrO,
nanolaminates achieve permeation rates for both water and oxygen that are about one-half and
one-fifth the values for 100nm and 130 nm thick Al,Oj; layers, respectively [56]. A WVTR of 2
x 10* g m? day is found for a 30 nm thick moisture barrier with this structure at ambient
conditions [125]. The permeation rate is determined to be 1.6 x 10 cm’ m™day™ for oxygen
(OTR) under a controlled environment of 70% humidity and 70°C [56]. Due to these very low
permeation rates and the low process temperature, the AL O;/ZrO, nanolaminate is able to

provide encapsulation for OPV devices [56].

I1.1.5.2.2 ORGANIC-INORGANIC HYBRID MATERIALS

NANOCOMPOSITE 1V: To increase the gas barrier performances of polymer matrices, fillers
(e.g. silica, metal oxide, clay, etc.) are added into them [136-140]. However, gas permeation
continues for polymer matrices/fillers and metal alloys are therefore been blended with them to
reduce the gas penetration [141]. This lab-made nanocomposite IV is applied for the

encapsulation of OPV cells.
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Thermal characterization reveals that nanocomposite IV has excellent thermal stability since it
has a decomposition temperature larger than 300°C [141]. This is very crucial for the
encapsulation of OPV because it can sustain high temperatures and defy the penetration of gas

despite the OPV devices liberate much heat when actuated. It also exhibits good gas resistance.

Photoelectric conversion properties and efficiency of 0.42% are found initially in OPV cells
without encapsulation [141]. The photoelectric conversion capabilities gradually decay while
the actuating time proceeds. This decay is due to the invasion of atmospheric moisture and
oxygen into the device, causing corrosion of organic materials and the metal electrode. After
being actuated for 48 h, the efficiency reaches 0.016% (decay ratio = 96.2%) [141]. With the
encapsulation of nanocomposite IV, the decay ratio is 13.0% and 37.0% when the actuating
times are 15 and 48 h, respectively. Along with afore mentioned properties, it also has moderate
adhesion strength, low shrinkage and fast curing speed that demonstrate the capability of
defying the permeation of oxygen as well as moisture of the air into the device, effectively

elongating the lifetime of OPV cells [141].

Si0,./ORGANOSILICON: Alternating SiO, and organosilicon layers deposited by PECVD on a
poly(ethylene naphthalate) (PEN) substrate are introduced for encapsulation to prolong the
lifetime of OPV cells to a greater extent than the organic/inorganic hybrid nanocomposite IV
does [142]. SiO, is produced from a volatile organosilicon precursor under oxidative plasma
conditions and organosilicon is deposited using similar organosilicon in non-oxidizing plasma.
The final ultra-high barrier consists of five layers, each approximately 100 nm thick, resulting in
a total thickness of 500 nm [142]. This coating is transparent having an optical transmission 7 >
85% over the entire visible spectrum. It also shows good resistance to common organic
solvents. In the case of encapsulated OPV cells based on MDMO-PPV devices, V¢ remains at
about 90% of its initial value after 3,000 hours, as does FF [142].

The 3000 h of device stability achieved by applying encapsulation structure of alternating SiO,
and organosilicon layers is not sufficient for OPV. Developing ultra-high barrier performance
encapsulation layer as well as more stable materials for OPV devices is therefore important to
extend the cell’s lifetime [142]. With a view to this, organosilicon/SiO, structure is deposited
onto the polyethylene terephthalate (PET) substrate by PECVD process [143]. A WVTR of 0.22
gm™ day” is found for the assembly. By coating 6-pairs of the multilayered structure onto PET,
an ultra low WVTR much lower than the MOCON detection limit (<1x10? g m~ day™) is
achieved. Such a simple and controllable encapsulation approach is a promising candidate for

OPV [143].
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SiN/PARYLENE: A benefit of SiN, over oxide or oxynitride as an effective, transparent
inorganic barrier coating material is that it does not require reactive oxygen atoms in the
deposition process, which could react with the substrate [123]. The OTR and WVTR decrease
as much as thousand fold when the coating thickness of SiN, exceeds 70 nm. An external tensile
state of stress in the SiN, coating may cause the formation of cracks and the cracked film may
also debond from the substrate along the interface. One way to further improve the barrier
performance is to deposit a smoothing, defect decoupling organic film on top of the inorganic
layer. With a view to this SiN,/parylene multilayered structure is introduced [123]. It results in
an improved permeation resistance of the coating as well as an improved resistance to crack
formation. After 3000-times cyclic bending, the WVTR and OTR of the two pairs of
parylene/SiN, coatings can be maintained at a level near 0.01 g m™ day” and 0.1 cm’ m™ day™,
respectively. The barriers exhibit moisture and oxygen barrier performance below the detection
limit of the MOCON instruments [123]. SiN,/parylene is therefore a good candidate for the
encapsulation of OPV [123].

Si0,/SiN,/PARYLENE: Inorganic encapsulation films show limited barrier performance due to
micro defects [144]. These defects provide easy pathways for moisture and oxygen diffusion,
and thus limit the barrier characteristics [145]. The micro defects can easily promulgate to form
cracks, which render such flexible films permeable. An organic barrier film with the low
internal stress, high transparency, and pinhole-free can be used to suppress the crack elongation.
A multilayer encapsulation structure composed of SiO,, SiN, and parylene is therefore
investigated for permeation barrier applications [124, 145]. After 75 d, the WVTR can reach 2.5
x 107 g m™ day™, as calculated by the calcium test [124]. After being flexed for 5 000 times, the
WVTR value almost keeps around 2.1 x 10 ® g m™ day™. Therefore, the performance of this

multilayer barrier structure has a high potential for OPV [145].

11.1.5.2.3 COMPARISON OF MULTILAYER ENCAPSULATION MATERIALS

Russian doll architecture minimizes the problem of diffusion through epoxy layers [132].
However, desired lifetime is not achieved by this approach. Multi-layer structure of 7a-Si-O and
Ta-Si-N is an improvement over Russian doll architecture. These films have an amorphous-like
microstructure although they both are grown on crystalline substrates. Ta-N films without
silicon are slightly crystalline. Tantalum-Oxygen films deposited on native silicon-oxide also
grow amorphous-like. In the case of a polycrystalline substrate, the microstructure is reproduced
from the substrate so that the 7a-O microstructure becomes polycrystalline. The grain
boundaries in polycrystalline films are fast diffusion paths for humidity resulting in a significant

decrease of the PV cell efficiency. A,O;/SiO, films show better efficacy in that sense. However,
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the deposition temperature needed is 175°C whereas a temperature below 100°C is required for
deposition on top of OPV devices [76]. Moreover, larger thicknesses and greater brittleness may
cause cracks under the strain of handling and mounting the ALD-coated polymer films.
AL, O5/ZrO,, nanocomposite IV and UHB coating are other encapsulants used to solve the

encapsulation problems. However, none of them meets the desired lifetime criteria.

I1.1.6 SUMMARY OF ENCAPSULATING MATERIALS

Permeation of about two to three orders of magnitude lower than the bare substrate is usually
considered satisfactory to ensure encapsulation requirements (Table II.1). It has been shown that
the best transparent single-layer barrier performance is achieved for silicon-based dielectric
films deposited by PECVD [50]. However, single layer barriers cannot reach permeation levels
lower than 1000 times that of bare polymer substrates. Increasing the thickness of a single-layer
barrier leads to a non-zero asymptotic value of OTR that is controlled by the number of defects
present in the barrier layer. These defects are mainly caused by intrinsic or extrinsic surface
roughness [51]. Hence, these nanometer size structural defects account for the limited
performance of single-layer gas barriers. Besides, theoretical calculations have shown that the
total permeation rate through many small pinholes is much higher than that corresponding to the
same total pinhole area combined in a few larger defects [146]. This can be explained by lateral
diffusion, and it is of crucial importance when the diameters of the defects are small compared
with the thickness of the substrate. It has been proven that deposition of multilayered inorganic
films generally improves the barrier performance only slightly. The most common technique
used to achieve high performance barriers is based on organic-inorganic multi- layers.
However, several constraints on the development and utilization of thin-film encapsulation
technologies exist that make their development challenging. A variety of materials have been
developed to face these challenges that improve lifetimes and one notable case is Titanium
Oxide (TiOy). It cannot satisfy the encapsulation requirements of organic devices, however,
results prove the concept of using thin films as barriers to encapsulate devices. The simplest
example of encapsulation is the use of glass plates. This provides the level of oxygen protection
required by the industry, but glass creates inflexible devices however. Research also shows that
a layer of SiOxCy performs well. Unfortunately, despite being flexible, and resistant to oxygen
transmission, this encapsulation must be performed with PECVD process that involves
expensive, and complicated vacuum systems. There are many other materials used for the
encapsulation purpose, however, in general they cannot fully satisfy the barrier requirements.
Some of these materials and methods are summarized below in terms of their WVTR and

drawbacks:
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Table II.2. Summary of encapsulating materials

Material Encapsulation type WVTR (gm~day') Comment
SiNy Single layer <0.01 Passivation properties
(inorganic) should be improved
ALO; Single layer 1.7 x 107 Permeation governed by
(inorganic) nanoscale defects
PVB Single layer 50 Time consuming vacuum
(organic) (at 38°C/100% RH) lamination
Low mechanical strength
ORMOCER" Single layer 0.01 Surface roughness
(organic-inorganic Biological disadvantages
hybrid)
Si0,/SiN; Multi-layer 3.12x 10° High deposition
(inorganic) temperature
N, gas phase Multi-layer 2.1x10™ Lifetime expectancy
spacer (inorganic)
Al,05/S10, Multi-layer 1x10* High deposition
(inorganic) temperature (175°C)
Formation of cracks
ALOs/ZrO, Multi-layer 2x10* Lifetime expectancy
(inorganic)
Organosilicon/SiO, Multi-layer (organic- 22 x 107 Formation of defects
inorganic hybrid) Degradation of reliability
due to residual
compressive stress
SiN,/Parylene Multi-layer (organic- 1 x 107 Poor adhesion between
inorganic hybrid) organic and inorganic
layer
Durability is dependent
on coating thickness
SiO,/SiN,/Parylene Multi-layer (organic- 2.5 x 107 WVTR is dependent on

inorganic hybrid)

coating thickness

Lifetime expectancy

Thin film encapsulation is a critical technology required for the application and
commercialization of OPVs. Effective encapsulation to prevent the permeation of water vapor

and oxygen, which degrades OPV devices, is key for achieving the reliability and desired
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lifetimes. The materials applied for this purpose, cannot yet satisfy the encapsulation
requirements discussed in this chapter. Hence, new materials are needed which will satisfy the

encapsulation requirements and achieve the reliability and lifetime required.

Optimizing the dimension of individual films or replacing some of the constituent films with
others deposited by different processes can be considered as an alternative based on the
encapsulation structures discussed in this chapter. Further study for reducing processing time
and steps is required. Efforts to improve the quality of films should also be addressed before
adapting these technologies. In addition to reducing processing steps and time, studies
concerning the reliable and continuous yield of encapsulation processes should be performed. In
summary, high quality encapsulation layers are critical for improving the life span of OPV
devices, and further research is needed to improve the quality of materials suitable for

encapsulation layers.
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II.2 FUNDAMENTALS OF SURFACE MODIFICATION AND PLASMA
POLYMERIZATION

The fundamentals of surface modification and plasma polymerization process have been
investigated extensively in the past [147-154]. A complete coverage of this topic would by far
exceed the scope of this work. Therefore, only the most relevant concepts and some basic ideas
are introduced in this section. Emphasis is placed on fundamentals that are relevant for the

applied process within this work.

I1.2.1 SURFACE MODIFICATION TECHNIQUES

In recent years, an increased trend in replacing traditional materials such as glass, metals, and
paper with polymeric materials is noticeable in various applications [155]. Comparability of
physical and chemical characteristics of polymers to those of conventional materials and their
relatively low cost are the primary reasons for this increased trend. However, most polymeric
surfaces do not possess specific surface properties needed in various applications. They are
inert, hydrophobic in nature, and usually have a low surface energy [156]. Therefore, their
surfaces need to be treated and modified to obtain polymers with desired surface properties in

various instances [44].

Surface treatments can serve different purposes such as improving adhesion characteristics,
increasing hydrophobicity, introducing special functional groups at a surface, or modifying the
surface morphology, and surface deposition [157]. Surface modification of polymers can be
accomplished by either chemical or physical methods. However, physical methods can provide
more precise surface modification without the requirement of rigorous process control than
chemical process does. Ease and precise controllability of physical methods eliminates harsh
surface roughening, surface damage, and improper surface modification problems. In addition,
they are environmentally safe and clean processes because no chemical solution is involved in
physical methods, and thereby there is no disposal of the waste liquids. Physical surface
modification methods range from simple flame and corona treatments to more complicated and
advanced techniques such as UV, y—ray, electron beam irradiations, ion beam, plasma, and laser
treatments [158]. Some of these physical surface modification techniques will be discussed

briefly in the next section.
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11.2.1.1 PHYSICAL SURFACE MODIFICATION METHODS
A.FLAME TREATMENT

The purpose of flame treatment is to introduce oxygen-containing polar groups on surfaces to
improve their printability, wettability, and adhesion [159]. The formation of oxygen-containing
polar groups is responsible for the enhanced printability, wettability, and adhesion. The high
flame temperature (1000-2000 °C) and reaction with excited species in the flame, basically

leads to an increased oxygen concentration at the treated surface.

B. CORONA DISCHARGE TREATMENT

Corona discharges are widely used in surface modification of polymers to enhance the adhesion
[158]. A corona discharge (atmospheric pressure plasma) is produced when air is ionized by a
high electric field. Voltage and frequency of electromagnetic field, the compositions of gas
atmosphere, corona exposure time, etc. are important factors that require precise control to

obtain polymer films with good adhesion properties [160].

Corona and flame treatment processes can be used in continuous operation and the required
equipment is very simple and cost effective. However, both treatments are carried out in open
air that often makes it difficult to control the uniformity or chemical nature of the modification,

due to variations in ambient conditions such as temperature and humidity or contaminations.

C.UV TREATMENT

Surface modification of polymers with UV treatment first began in the electronics industry
[161]. The principle of this treatment is based on photons (high energy species) that are used to
activate many chemical reactions. These reactions generally occur in the presence of an initiator
or a sensitizer that absorbs UV irradiation and it is excited to a short lifetime singlet state that
rapidly transforms to a more stable triplet state. The initiator in its triplet state can abstract
hydrogen from the polymer surface and create active sides for grafting. If a grafting monomer is
supplied in the medium, graft polymerization occurs at the interface between the polymer and
the surrounding medium. Bulk properties of polymers are not altered at the end of this process
because of the absorbance of UV irradiation by the initiator, [162]. The main advantage of UV
irradiation is the low cost of equipment and the process with a high selectivity of the photo
initiator. In addition, UV treatments are fast, non-polluting processes, suitable for heat-sensitive

polymers and require less space. However, the interference due to the presence of pigments in
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polymers or coatings is the major limitation of this process as pigments also absorb and scatter

UV radiation to some degree.

D. y-RAY TREATMENT

Gamma-ray treatments modify polymer surfaces via a mechanism of free radical formation
similar to that occurring in UV treatment. Generally, y—ray treatments are used for cross-linking
of polymeric coatings and formation of thin polymeric films with desirable surface
characteristics. This process increases the adhesion and modifies the mechanical properties of

polymers.

E. ELECTRON BEAM TREATMENT

The basic principle of electron beam treatments is based on accelerated electrons, which carry
high amount of energy, causing excitation or ionization of molecules. This process induces the
formation of some functional species that can be deposited on the surface of electron beam-
treated polymers. Electron beam treatments do not require photo—initiators, unlike UV
treatments and electron beams can be focused or directed onto materials to be cured. However,
this type of treatment is more expensive, needs more space and more stringent safety

precautions than UV treatments.

F.PLASMA TREATMENT

Flame treatment and corona discharge are both based on the formation of plasma. However,
plasma treatment will be referred to in this thesis as the modification of a surface with a non-

polymerizable gas in a vacuum system.

The plasma is a partially ionized gas that is a mixture of electrons, negatively and positively
charged particles, and neutral atoms and molecules [153]. Plasmas have been described as the
fourth state of matter, which is highly activated compared to solid, liquid or gas state. It is
typically obtained by exciting a gas or vapor into high energetic states by RF, microwave,
alternating current (AC) or direct current (DC) glow discharges, as well as by the electrons of a
hot filament discharge. The existence of diverse plasma techniques and varied ways of
generation allows for plasma modification methods to be adapted to any kind of material and

specific requirements.

Plasma can be divided into three major groups depending on the type of gas used to create the
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plasma: chemically non-reactive plasma, chemically reactive plasma and polymer-forming
plasma. Chemically non-reactive types of plasma are those of monoatomic inert gases (Argon or
Neon) that can ionize other molecules or sputter materials but are not consumed in chemical
reactions. Chemically reactive plasmas use inorganic or organic molecular gases that are
chemically reactive but form no deposit on the substrate, like O, or CO. These kinds of gases
are able to cross-link, incorporate oxygen or modify the surfaces. Polymer-forming plasmas are

chemically reactive and form a solid polymeric deposit [153].

Based on the above mentioned plasma classification (by the type of gas), different kinds of
plasma processes can be used to modify the surfaces. Physical sputtering of materials is one of
these processes that is based on a non-reactive gas in the plasma phase. This sputtering is
mainly used as cleaning process on glass and ceramics [163]. Chemical etching is another
plasma process that is widely used in electronics fabrication. This process involves the chemical
reaction of the excited species with the surface elements, such as oxidation by O, plasma. This
process can modify the surface with high degree of cross-linking (in the case of polymeric
surfaces), or changes of the hydrophobicity of the surfaces by changing their chemical nature
[164]. Plasma deposition processes include polymerization, grafting or plasma spraying [163].
The plasma polymerization is explained in detail in section I1.2.2 as it was the method used to

fabricate insulating polymer-like thin films throughout the work of this thesis.

11.2.2 PLASMA POLYMERIZATION

Plasma polymerization (plasma deposition or often referred to as PECVD) has a long history,
dating as early as 1796 [165]. It was not until the 19" century that plasma deposits gained
significant interest and the field of plasma deposition received attention [166, 167]. It is an
inexpensive technique that can be used to control the fabrication of polymer thin films and their
properties by varying the process parameters (e.g. pressure, applied current, monomer flow rate
and deposition time) [168]. Being a low-temperature process, non-equilibrium plasma
polymerized films are smooth, insoluble, pinhole-free, chemically inert, thermally stable and
cross-linked [153, 169-171]. Their chemical, physical and optoelectronic properties can be
tailored to suit a desired application by controlling the retention of original monomer
functionality, degree of cross-linking, and branching [172]. This low-cost ‘green’ process has
been used to fabricate environmentally friendly insulating thin films from a number of naturally
occurring non-synthetic monomers, such as linalyl acetate and terpinen-4-ol [173, 174]. Current
understanding of the processes and mechanisms involved in PECVD, their relationship with
internal system characteristics and external experimental variables and how these relate to the

characteristics of the deposited thin films are discussed in this section.
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11.2.2.1 FUNDAMENTALS OF PLASMA POLYMERIZATION

Modeling the internal mechanisms involved in plasma polymerization is complex, due to the
difficulty of reconciling observed film properties with internal reaction parameters. The same
process can remove material from a substrate, or deposit material onto a substrate, i.e. the
process can both etch materials and form a plasma product on exposed surfaces, depending on
reaction parameters [175]. Depending on the reactor type, process variables and feed gas, the
properties of resultant thin films therefore vary drastically. Moreover, until recently, the ability
to accurately measure properties of the plasma discharge had been significantly limited;
measurement of the reactive species involved and density, temperature and source of electrons
was difficult, if not impossible. These factors made the task of developing a description of the

plasma deposition process difficult.

The key factor in any plasma is the dynamics of electrons, typically created through the
ionization of feed gases and their dissociated products [11]. When an electric field is applied,

the electrons gain energy according to Newton’s law [153],

a=—LE (11.7)

where a is the acceleration of the electron, ¢ is its electric charge, m, is its mass and E is the
electric field. Three different types of collisions can occur between an electron and an atom,

depending on the energy K that is transferred to an electron in the atom:

1. K = 0. The electrons in the atom remain in the ground state. The collision is elastic, and
causes no change in the structure of the atom.

2. 0 < K < qV,, where V; is the ionization potential of the atom. An electron in the atom is
excited to a higher energy level, but returns to the ground state in a short time, generally
releasing the gained energy through collisional or radiative processes. The collision is
referred to as an inelastic process.

3. K> gV.. The atom is ionized by electron impact, and becomes positive with charge +¢,
ejecting a secondary electron, which then contributes to other electron induced

processes in the plasma.
Between the energy level of the ground state and that of the ionized state, a number of other

energy levels can exist. An electron in an atom that receives energy from a primary electron can

jump to a higher energy level. However, after a short period of time (of the order of 10¥ s), it
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returns to lower energy levels or to the ground state. The electron's excess energy is thus
released e.g. by emission of a photon, or via collisional deexcitation. When an electron returns
from energy level E, to E, via photon emission (m and n represents higher energy level and

ground state respectively), the frequency v of the photon is given by:
hv=E, — E, (I1.8)
where £ is Plank’s constant.

The temperature of colliding species plays an important role on the collision processes
occurring in a glow discharge. The electron temperature 7, in a plasma is often approximated by

by [176]:

T. = QGRG0 iL9)

in which k is the Boltzmann constant, 4, the mean free path of electrons, and m,, the mass of
particles (neutral atoms and molecules). Since the ratio of m,/m, is very high, the electron
temperature in a low pressure plasma is extremely high (e.g. on the order of 10* K). Because
ions have roughly the same mass as the corresponding neutral atoms and molecules, they lose
most of their kinetic energy in collisions with molecules. The ion temperature 7; is therefore
much lower than 7, (in the range of 300-1000 K), and it is only slightly higher than the
temperature of molecules 7, (~ 300 K) [153].

11.2.2.2 TYPES OF COLLISIONS

A number of different collision processes occur in a glow discharge, including ionization,
excitation, dissociation and attachment [159]. Ionization is an essential step in creating and
sustaining a plasma, but is not necessarily the primary step in initiating plasma polymerization
[153]. The ionization of an atom “M” for example can be visualized as follows:

M+e™ > Mt + 2e” (Ionization)
A positive ion and two electrons are produced in this reaction. The two electrons are accelerated

by the electric field, and can produce further ionization. Electrons in the ground state can also

jump to higher energy levels (excitation), without resulting in ionization:
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M+e - M +e” (Excitation)

After a very short period of time the electron returns to a lower energy level, or returns to the

ground state by radiated decay (de—excitation):

M* - M + hv (De-excitation)

Some excited states, however, have much higher stability than others, and have lifetimes of 1
ms or longer. Such a state is called a metastable state [152]. The metastable atom returns to the
ground state upon collision, but transfers the excess energy to the colliding atom. A metastable
atom can also be ionized by electron impact directly. Negative ions (F, CI', Br', I', O and O,)

can also be produced in a glow discharge, if a molecule captures a free electron.

Collisions between charged species take place in ionized gas as well. However, these collisions
do not play an important role in our processes, as our plasmas are only partially ionized, and

contain far more neutral species than the charged ones. An example of such a collision is

recombination:
Art +e” > Ar (Electron—ion recombination)
0" +Art -0+ Ar (Ion—ion recombination)

Recombination also occurs at the surface of the reactor. Collisions of electrons with the reactor
wall charge the surface negatively, which attracts positive ions that neutralize the charge. In this
reaction the energy gained in the ionization process is released, and absorbed by the surface in

the form of thermal energy [153].

11.2.2.3 REACTION PATHWAY OF PLASMA DEPOSITION OF THIN FILMS

Monomer units, monomer fragments, ions, radicals, electrons and photons are present in the gas
phase after the formation of the active species. Recombination of radicals is the main
contributor to the increase of molecular weight of the material, i.e. the growth mechanism is
considered to be a radical dominated mechanism [177]. This can happen in both the gas phase
or at the substrate surface by the recombination of adsorbed species as mentioned in section
I1.2.2.2. ‘Powder-like’ deposits may be produced due to the formation of a polymer in the gas
phase at higher pressures [178]. Recombination reactions with adsorbed species at the substrate

surface are therefore preferred. The bombardment of adsorbed particles and reaction products at
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the surface of a substrate by the charged active species in the gas phase is another important
consideration. This bombardment is caused by materials exposed to the plasma which in turn
results in the attraction of charged particles to the surface. Ion and photon bombardment causes
ablation, or sputtering of the deposited film back into the gas phase that is also associated with
the formation of radical products in the bulk of the material [175, 179]. Bombardment of the
bulk film by active species is also partially responsible for the crosslinking and insolubility
observed in many plasma deposited films, for the high concentration of radicals embedded in

the film, and some of the aging reactions.

The complex mechanisms of plasma deposition and reaction pathways include the contributions
of several factors:
1. Initial kinetic reactions to form reactive species.
2. Interaction of reactive species via radical growth reactions in the gas phase and at the
surface.

3. Bombardment of surfaces by active species.

These results in ablation of deposited species back into the gas phase. This is outlined in Figure

I1.14 [177]:
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Figure I1.14. Plasma deposition process [153]
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The processes in the recombination and chemical reaction steps can be explained by the Rapid
Step Growth Polymerization (RSGP) mechanism, proposed by Yasuda [179]. It is assumed that
radical formation is taking place within the gas phase in the active zone (bulk plasma and
plasma/sheath boundary region) through which the gas particles (monomers and reactive gases)
travel, and then enter a passive zone (plasma sheath and surface growth region) yielding
recombination and stable products, such as deposition (concept of chemical quasi-equilibrium)
[177]. As schematically shown in Figure II.14, the recombination of reactive species and
reactivation of reaction products determine the plasma polymerization. The reactive species are
mainly radicals, where cycle I (Figure II.15) consists of reactions between reactive species and a
single reactive site. M (Figure II.15) can be either the original monomer molecule, or any of the
dissociation products, including atoms. The reactive species are denoted here as mono—
functional (Me), or di—functional (*Me) free radicals, but other activated species should also be
considered in the reaction mechanism. In cycle I, the reaction products from mono—functional
activated species are repeatedly activated. Cycle II proceeds through the reaction of di-

functional radicals with other species.

Cycle I

Mi-M, e Cross-cycle reaction

oMko

oMko > oMko + oMjo —_ oMk — Mjo

N\

M + M > M- Me

Cycle I

Figure I1.15. Schematic diagram of the RSGP mechanism [153]
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Cross-cycle reactions from II to I can also occur [180]. Furthermore, the surface takes part in
plasma polymerization by radical sites, third-body reactions, and etching processes that lead to
ablation and re-deposition. Hence, a plasma polymer typically results from the competition
between etching and deposition processes and it has a more or less cross-linked structure,
depending on the plasma species present during the film growth. The growth via cycle I requires
the reactivation of the products of reaction, while cycle II can proceed as long as divalent
reactive species or monomers with double and triple bond exist. Repeating steps via both cycles,
the species vary in size, leading to a deposit in the substrate surface. The kinetic chain length
expresses the number of how many times the cycles repeat before a species deposits. It is a
measure of the number of monomer units that are added to the polymer chain by one initiating
reaction before termination of the chain occurs, and increases with monomer concentration and
decreases with reactive species concentration. As the concentration of monomer units is quite
low in a plasma system, given the tendency for the monomer to dissociate into radical
fragments, the concentration of reactive species is very high and very short kinetic chain lengths
occur [178]. The reactions therefore begin and terminate quickly and deposition occurs in a
series of small steps, resulting in a film of very short, branched, randomly terminated and cross—

linked polymer chains.

The RSGP mechanism describes reactions between reactive species in a generalized sense;
above the reactive species were considered to be radical monomer fragments, however nothing
prevents these reactive species from being ionic, for example. As well as this the location of the
reactions are not specified, only the reactions between reactive species. Thus RSGP can apply to

gas phase, plasma sheath and surface reactions.

11.2.2.4 GENERAL CONTROL PARAMETERS

By comparison of different reactor geometries, reactor-specific particularities can be revealed,
which allows one to select the appropriate plasma reactor set-up depending on the required
application [177]. However, different other requirements and influencing factors have to be
taken into account that will influence the behavior of the reactions and the plasma deposition.
These parameters are: the geometry of the reactor [181], substrate temperature, influence of
energetic particles, the monomer [177], influence of carrier/reactive gases, the flow rate of the
monomer through the system [182], the power delivered to the system [183, 184] and the gas
pressure [177, 185]. All of these factors have been shown to significantly influence the

properties of resulting films [177].
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INFLUENCE OF REACTOR GEOMETRY

Use of different geometry reactors while maintaining other parameters of the deposition
constant resulted in different behavior of amorphous hydrocarbon (a—C:H) thin films deposited
from tetramethylsilane (TMS) and hexamethyldisiloxane (HMDSO) monomers [181].
Hegemann et al further investigated the significance of reactor geometry on the behavior of
films deposited from methane and HMDSO, and ascribed the different behaviors to the change

in volume which the plasma occupied [186].

INFLUENCE OF SUBSTRATE TEMPERATURE

During plasma processing, the growth rate depends only on the monomer supply at relatively
low substrate temperatures, while for elevated temperatures, the monomer coverage is the
limiting factor for the quantity of the layer being deposited [187]. The deposition rate can
therefore be considered to be constant within a temperature range close to the room
temperature, and decreases with further increasing the temperature, due to ion interaction during

the growth of the film [177].

INFLUENCE OF ENERGETIC PARTICLES

As mentioned before, energetic particles might play a dominant role in plasma deposition.
Potential drops (plasma sheaths) are obtained near material surfaces depending on the reactor
design and external parameters that accelerate ions and influence the growing of plasma films
[177]. Increasing energy input yields higher energetic ion bombardment that causes higher
plasma dissociation and contributes to increased generation rate of nucleation sites on the film
surface that in turn increases the deposition rate. The energetic particle interactions can also
influence the absolute deposition rates and film characteristics, such as density, material

microstructure, morphology, as well as optical, electrical, and mechanical properties [177].

INFLUENCE OF MONOMER

The influence of monomer on the resultant thin film properties was demonstrated through the
investigation of films fabricated using isomeric monomers by Denis et al [188]. No
compositional differences were present between the monomers in this study; only the molecular
structure was varied. Differences in bond dissociation energies in the different isomers caused
the differences in the chemical composition of the films. Differences in the chemical

composition of the plasma gas (i. e. differences induced by the monomer) can induce substantial
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differences in the properties of resulting films [177].

INFLUENCE OF CARRIER/REACTIVE GASES

The addition of non-polymerizable gases such as inert (He, Ar, etc.) and reactive (O,, N, etc.)
gases to monomers during plasma polymerization might have a strong influence on the film
growth mechanism. Hegemann et. al. found that a large part of the energy input is consumed by
the reactive gas oxygen that contributes to the film deposition via reactions with oxygen radicals
and incorporation into the growing film [186]. It was also found that the addition of inert gases,
such as Ar and He, showed a negligible effect (physical interactions) on the deposition rate, and
hence on the plasma polymerization mechanism. They can be considered as carrier gases.
However, reactive gases showed a more distinct influence that proves their increased

contribution to film formation by plasma chemical processes.

INFLUENCE OF MONOMER FLOW RATE

The dependence of gas flow rate on the deposition rate of specific surface material varies from
plasma reactor to plasma reactor. However, below a critical flow rate, there is an inadequate
supply of reactant to be deposited on the surface material. A small increase in flow rate can

therefore rapidly increase the deposition rate.

As the flow rate is increased, the product species are flushed away and thus subjected to less
dissociation and recombination reaction in the plasma [177, 182]. However, the initial reactant
gas is less utilized. Use of the precursor will increase as the input power is increased [189]. If
the flow rate is further increased maintaining a constant pressure, it is possible that the active

species produced in the plasma can be pumped away before they can react.

INFLUENCE OF RF POWER INPUT

At constant pressure, increasing the power input into the plasma can raise the plasma density.
Applied potential will therefore increase, particularly at the lower pressures [190]. It will also
increase the potential across the ion sheath raising the ion bombardment energy. The rate of
formation of other plasma products such as free radicals also increases with increase in power
input. However, any polymer condensation from heavy free radicals will be offset by the higher

ion bombardment energy.
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The increase in ion bombardment energy by increasing RF power input could make the ion
bombardment, at the surface, a more probable reaction for inducing chemical change by bond
rupture or damage. There will also be an increase in ion density that can increase the deposition
rate on the surface. An increase in ion bombardment energy may also have an effect on
surrounding atoms in the area of bombardment, which can lower the activation energy and

increase the rate of reaction thus increasing the deposition rate [183].

INFLUENCE OF GAS PRESSURE

The mean free path of the plasma components is reduced as the gas pressure is raised [177]. An
increase in producing more radicals and ions (depending on the electron temperature and the
species in the system) is therefore observed that can have several effects. It can increase the
deposition rate by raising the ion or free radical concentration at the surface [177]. Free radicals
can recombine with each other forming higher molecular weight species. These species can also
fragment and recombine eventually forming high molecular weight condensed polymers on
surfaces. Such an event is more probable at higher pressures, and with long resident times for

free radicals of heavy mass.

Ton concentration initially increases with the increase of gas pressure and the impedance of the
plasma may therefore fall resulting in a lower applied potential at a given power input [185]. At
the ion sheath, the ion bombardment energy will fall with the decrease in sheath potential
caused by the reduction of applied potential to the plasma. Thus polymer may grow on an
exposed surface as the arriving ions have lower energy. Also the ion energy may be too low to

induce chemical reactions that need for ion bombardment.

11.2.2.5 RELATIONSHIP BETWEEN CONTROL PAPRAMETERS AND FILM
PROPERTIES

A decrease in monomer flow rate results in a larger residence time and hence an increase in the
fragmentation of the monomer [177, 182]. In a similar manner, power delivered to the reaction
relates to the energy delivered to monomer molecules, resulting in increased monomer
fragmentation [183] and change in film properties. The pressure influences the deposition
indirectly by influencing the plasma volume and the distribution of reactive species in this
volume [185]. All of these parameters interact in complex and unpredictable ways. In an
attempt to relate the deposition conditions and film properties through a single parameter, the
composite parameter, W/FM was developed, where W is the power absorbed by the plasma in

W, F is the flow rate of the monomer in mol s and M is the molecular mass of the monomer in
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kg mol™. As the parameter M is constant for a given monomer, the composite parameter is often

reduced to W/F.

The W/FM parameter is defined as an apparent input energy of the plasma per the unit of
monomer molecule in plasma polymerization. In other words, this parameter means that how
much energy is invested in the fragmentation process of monomer molecules [181]. It is
considered to be proportional to the concentration of activated species in the plasma [191]. This
has been experimentally investigated by monitoring the composition of the plasma discharge as
a function of W/FM by several research groups [183, 188, 192, 193]. In a thiophene discharge
subject to variation in the parameter W/FM, an increase in the number of monomer molecules
becoming fragmented was found [193], which indicates the formation of more reaction products
in the plasma i.e. N, CH, H and O. A decrease in dc conductivity was also found due to this
increased monomer fragmentation induced by higher power density. Similar behaviors were
observed by Denis et al who synthesized plasma polymer films from several amine precursors
in continuous wave and pulsed wave modes under fixed flow rate, varying power conditions
[188, 192]. These investigations suggest as the value of W/FM increases: a) a decrease of the
primary monomer concentration in the resultant films and b) an increase of the degree of cross—
linking. Additionally, it was shown that a critical power could be reached, beyond which the
differences in monomer structure have less influence over plasma properties, due to their
complete fragmentation. Below this threshold however, differences in the plasma chemistry
were related to differences in the bonding energies of the monomers. Changing W/FM can
therefore allow for selectivity in the degree to which the monomers are fragmented. These
examples explicitly relate the composite parameter, plasma chemistry and film properties.
Numerous other studies demonstrate that plasma polymerization covers a broad range of film
properties, from swellable, hydrogel-like coatings that retain a significant proportion of
monomer groups of the precursor (e.g. acrylic-like) towards more cross-linked, hard coatings

(e.g. Si0,) depending on energy input and fragmentation [169, 181, 191, 194-196].

Plasma polymerization is governed by the energy invested per particle of the gas mixture during
the flow through the active plasma zone (according to the concept of chemical quasi-

equilibrium) [177]. The governing reaction parameter is:

R = lact (I.10)
PVact

where W is the absorbed energy, 7, is the residence time within the active (plasma) zone, p is

the pressure, and V,, is the volume of the active (plasma) zone. With z,., = pV,./poF (po =
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pressure at standard conditions, F' = gas flow), the reaction parameter R is proportional to the
power input per flow W/F with respect to the active plasma zone. Following this approach, the

growth rate of the thin films can be related to the controlling parameter W/F through the

relation:
Rm _ -E,
+ = Gexp(w/F) (II.11)

where G is a reactor dependent geometry factor, R, is the rate of film growth and E, is the
(apparent) activation energy corresponding to the monomer used [177]. Such a relationship is
desirable as it relates the controlling parameters W and F to an immediately measurable internal
parameter, the deposition rate, which can be monitored in situ and allow more direct process
control without necessitating knowledge of less tangible parameters such as electron energy
distribution functions, or precise gas phase chemical compositions. However, there are some
shortcomings associated with this model; most notably that while geometry and pressure
influence the behavior of the deposition, they are not explicitly embedded in Eq. II.11 [197-
199]. This is addressed in part by the geometry factor, G and by modification of Eq. II.11 to
include a similarity parameter, S. First, the real power delivered to the plasma zone contributing
to film deposition should be regarded. S can therefore be scaled by the expansion of the active
plasma zone d,., above the electrode area A, to the total discharge volume V,;, whereby the

residence time of the monomer in the active plasma zone is regarded:

_ w Adepdact

S
F' Vs

(IL.12)

Second, the real flow F’ that contributes to film deposition should be scaled by the volume

between gas inlet and electrode area Ag.,d,, per total volume V,,, where the gas is flowing,

which finally leads to
_ w dactvgas
S= F dgasVais (I1.13)

There are still some issues with the use of S, particularly for non-parallel plate reactors, or

conditions where precise determination of the plasma volume is difficult [198].
Based on this approach and the determined activation energy parameter, different regions of

growth kinetics can be identified within a system. In the monomer deficient (energy sufficient)

region, the monomer flow rate is typically low and the power level is large, resulting in a high
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energy per molecule and complete dissociation of molecular bonds [169]. Increasing the RF
power does not therefore increase the deposition rate, as maximum fragmentation has been
reached. The deposition rate will rather decrease due to the increased effects of sputtering and
ablation [191]. However, deposition rate can be increased by increasing the flow rate of the
monomer (or alternatively the applied energy is decreased) i.e., entering the monomer sufficient
(energy deficient) region. This insufficient energy cannot completely fragment the large number
of monomer molecules present in the gas phase. Increasing the monomer flow rate therefore
results in a decrease in deposition rate due to the decrease of the degree of monomer
fragmentation. These different regions are often associated with different film properties [181,

191].

Generally it is found that the degree of monomer fragmentation and crosslinking directly
influences film properties beyond simply the chemical properties and are also controlled by
W/F parameter. Many studies examine the relationship between W/F and morphological,
optical, surface and electrical properties of thin films. For fabrication of very hard a-C:H thin
films, high composite parameter conditions are often cited as necessary [181, 200]. This
establishes a relationship between W/F and film hardness, likely due to the underlying increase
in relative carbon concentration, crosslinking and film density [201]. In many cases, surface
roughness is found to decrease with increasing RF power [202, 203]. However, in cases of very
high W/F values, roughness may increase, i.e., for plasma deposited cyanopyridine thin films,
roughness increased from 0.43 nm to 3.63 nm, when the parameter W varied between 3 W and
60 W [169]. Increasing roughness also corresponds to significant changes in surface topography

[191].

Optical properties of thin films change with variation in monomer retention and crosslinking.
For example, changes in absorption and transmittance spectra due to differences in chemical
functionality [184, 204] and increase in refractive index with W/F in plasma deposited thin
films due to an increase in their density are often found [201]. In general, the optical properties
of thin films deposited using PECVD are strongly dependent on the W/F parameter [205-207],
through a combination of the dependence of the optical properties on film morphology,
structure and chemical functionality, and the influence of W/F and monomer fragmentation over

these properties.

Surface properties depend on the power density that is governed in part by changes in surface
chemistry [208]. Thiophene and ethylcyclohexane deposition and a-C:H films, for example
shows significant dependence of CA and hence surface energy on the deposition parameter

[181, 208]. For linalyl acetate thin films [209], it was found that as the power density increased,
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the polar contribution to the total surface energy decreased while the dispersive component
increased, though the total surface free energy remained relatively constant. The decrease in the
polar component of surface energy was again attributed to the reduction in the more polar
oxygen functionalities at the surface observed in XPS measurements. No significant trend was
observed in the solubility of the material in various solvents as a function of RF power; films
deposited at all power densities were shown to be insoluble in all liquids investigated [209].
This was attributed to the increase in crosslinking of the plasma deposited layers, which
typically results in films that are insoluble or less soluble in many common solvents [183, 210].
However, it is possible to decrease the degree of fragmentation and crosslinking sufficiently to
result in films, which are soluble, generally through use of very low W/F conditions or pulsed

plasma systems [175, 198, 211].

The W/F parameter has also been found to influence the electrical properties of thin films, i.e.,
modify the conductivity, breakdown capacity and permittivity of thin films [173, 184, 193, 204,
208, 212]. For linalyl acetate thin films [173, 213, 214], the dc conductivity was found to
decrease was power density increased and similar trend was observed with permittivity. The
reduction in permittivity at higher RF energies is attributed to the reduction in more polar
oxygen functionalities, while the decrease in conductivity is attributed to the increase in
crosslinking in samples fabricated in higher energy conditions. Thiophene films [193] shows
similar trend as conductivity decreases significantly (two orders of magnitude) as power density

increases. Electrical properties of thin films are therefore implicitly linked to W/F parameter.

II.3 CONCLUSION

OPV was overviewed with a specific focus on the lifetime and reliability of the devices. It was
found that thin film encapsulation is a critical technology required for the application and
commercialization of OPVs. Effective encapsulation to prevent the permeation of water vapor
and oxygen, which degrades OPV devices, is key for achieving the reliability and desired
lifetimes. The materials that are currently applied for this purpose cannot satisfy the
encapsulation requirements discussed in this chapter. Hence, new materials are needed which

will satisfy the encapsulation requirements and achieve the reliability and lifetime required.

Plasma deposited thin films were found to possess a wide variety of tunable optical, chemical,
topographical and electrical properties. These properties were found to be dependent on various
deposition parameters (i.e., the deposition chamber in use, the monomer, system pressure,
monomer flow rate, deposition power etc.). The fragmentation of the monomer induced during

the reaction was shown to be the factor of primary importance in controlling the resulting thin

55



film properties, and the degree of fragmentation related to the controlling parameter W/FM.
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CHAPTER III

MATERIALS AND METHODOLOGY

The main goal of this chapter is to provide details of the experimental methods used in this
dissertation work. It starts with various fabrication techniques for thin films including detailed
process parameters. PECVD process was used for thin film fabrication. Detailed

characterization procedures of the thin films are also explained in this chapter.
Section III.1 gives a succinct overview of the thin film fabrication procedure using PECVD
process. Metal deposition process using thermal evaporation is also briefly discussed in this

section.

Section III.2 details the most important techniques that have been used to characterize the

plasma polymers in this research.
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III.1 THIN FILM FABRICATION
II1.1.1 PLASMA ENHANCED CHEMICAL VAPOR DEPOSITION (PECVD)

PECVD is one of the techniques that allows for industrial-scale deposition of good quality thin
films with good adhesion [1]. One of the main advantages of PECVD is the availability of low
temperature deposition compared to other chemical vapor deposition (CVD) methods, such as
thermally driven CVD (700 °C to 900 °C). This lower temperature capability is very attractive
for application to the encapsulation of both organic electronics and flexible electronics because
the intrinsic properties of organic materials and polymer substrates for flexible electronics limit

the maximum processing temperature (preferably below 100 °C, maximum limit ~ 130 °C) [2].

Plasma is usually created by an electric glow discharge that can be generated by the transfer of
power from an electric field to electrons [3]. In a direct current (DC) glow discharge, this can
be established by passing a DC electric current through a gas under low pressure. The positive
ions are bombarded to the cathode that results in the generation of secondary electrons. These
electrons are accelerated away from the cathode until they gain sufficient energy to ionize the
gas molecules or atoms that collide with the electrons [3, 4]. In alternating current (AC) glow
discharges, the mechanism depends on the frequency of the alternation. At low frequencies, the
system can be looked upon as a DC glow discharge with alternating polarity. Upon increasing
the frequency of the applied voltage, positive ions become immobile and at frequencies above
500 kHz, the loss of charged particles from the system is reduced significantly. Regeneration of
electrons and ions occurs within the body of the plasma through collisions of electrons with gas
molecules. In RF plasma (13.56 MHz) therefore, no contact between the electrodes and the
plasma is required. The plasma can be initiated and sustained by external electrodes, at a much
lower voltage than is required for maintaining a DC glow discharges [5]. RF plasma
polymerization is therefore used to fabricate polymer thin films throughout the work of this

thesis.

The RF plasma polymerization process is usually achieved by means of the two types of
reactor: a bell-jar type reactor and a tubular-type reactor [6]. Bell-jar type reactor has internal
parallel-plate metal electrodes; and tubular-type reactor has an external coil or ring electrodes
for excitation by RF discharge [6]. In this work, plasma deposition of organic thin films was
performed in a custom build, glass chamber on a variety of substrates using a variety of power
densities. To ensure reproducibility of results, samples were fabricated under identical
fabrication conditions in all instances, and the only parameter that changed was the power

delivered to the reaction chamber.
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I11.1.1.1 PRE-DEPOSITION TREATMENT

The pre-deposition treatment plays an important role in achieving the desired deposition
parameters, and in obtaining good quality plasma polymer thin films. As the plasma
polymerization occurs in low temperature and low-pressure environment, obtaining a low
pressure within the reactor chamber is one of the most important pre-deposition conditions. A
vacuum pump was used to continually reduce the pressure of the chamber until the capacity of
the pump is reached, as long as there is no supply to the molecules of the gas. Eventually the
system will reach a steady state point and the pressure will remain constant before the ideal

pressure for plasma polymerization is reached.

In this research work, different substrates were used depending on the type of study to be
accomplished. However glass microscope slides were the most common substrate, utilized in
the majority of experiments. A cleaning treatment prior to deposition was performed for all

substrates to ensure a surface free of contamination.

Cleaning treatment started with the substrates placed in a sonicator of doubly—distilled warm
water and Extran for thirty minutes. Ultrasonic cleaning enables the cleaning of macro and
micro scale contaminates without manually scrubbing them. The ultrasonic cleaner used in this
project is the Soniclean 160HT. Following this ultrasonic cleaning treatment, acetone and
isopropanol were used to sequentially rinse the substrates to further clean the surface and dried

in air. All substrates were stored in a closed container, in otherwise ambient conditions.

I11.1.1.2 THIN FILM DEPOSITION PROCESS

Vacuum  Electrodes Substrate Vacuum
Pump Guage
Ar Gas Flow

Monomer Dopant

RF Generator

|| Matching
Network

Figure III.1. Schematic diagram of thin film deposition arrangement

Thin film deposition was performed using a custom built, glass RF reaction chamber (figure



I1.1), 0.75 m in length with an inner diameter of 0.055 m (approximate volume of 0.0018 m3).
Two removable caps are at the two ends of the chamber. One of these end caps includes two
inlets, one of which is used to introduce inert gas (generally Ar) to the system, and the other to
monitor system pressure. An outlet to a vacuum pump is present on the second end cap to
evacuate the system to suitable pressures. The monomer flow rate is kept constant via a vacuum
stopcock on the monomer inlet and the system pressure is monitored via a vacuum gauge. RF
power is delivered to the system via an ENI RF generator at 13.56 MHz through a matching

network and capacitively coupled external copper electrodes.

The RF input power was controlled and varied between 10 W and 75 W for the investigations in
this work. Above 75 W the strength of the field began to interfere with sensitive electronics in
the proximity of the system (such as the vacuum gauge) and overheat the matching network. To
ensure accurate pressure readings and correct operation of the matching network, 75 W was the
highest power used in any study. The capacitively coupled external copper electrodes were
placed 0.13 m from the monomer inlet and 0.1 m apart. Uniformity of the RF discharge was the
determinant of this electrode configuration and the corresponding uniformity of resulting thin

films for the particular reaction chamber was utilized throughout this work.

Figure II1.2. Chemical structure of y-terpinene

For deposition of pp—GT thin films, 10 mL of monomer (in all cases, y-terpinene purchased
from Australian Botanical Products Pty. Ltd., Australia) was used without further purification.
The monomer flow rate was kept constant via a vacuum stopcock, and estimated using the

following relation [7]:

_ Vdp
F=16172522 (IIL.1)

where F is the flow rate (cm3 min’l), T the temperature (295 K), V the volume of the chamber
(1.8 L), p the pressure (mbar) and ¢ time (s). The rate of change of pressure with respect to time
for the monomer was evaluated in two steps: first, all inlets/outlets to the system were closed
and the pressure of the system (evacuated to a stable starting pressure) was measured every 10

seconds for 120 seconds to establish a baseline leakage rate for the system. This process was
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repeated with the monomer inlet open after the base pressure had been reached. The value dp/dt
was determined by subtracting the leakage pressure change from the pressure change when the
monomer inlet was open, plotting this value against time and taking a linear regression. The
gradient was then equal to dp/dt and corresponded to an increase in pressure of approximately
223 x 10~ mbar every 10 seconds. Substitution into Eq. III.1 gives the estimated monomer flow

rate to be 1.57 cm’ min™ for this system.

Synthesis of pp—GT films with consistent and repeatable properties followed the steps

mentioned below:

1. The reaction chamber and substrates were cleaned using the cleaning treatments
mentioned earlier. This ensured that the substrate surfaces and reaction chamber were
free of contaminants that could affect the plasma polymer thin film deposition. The
reactor was routinely cleaned as thin films form on all surfaces exposed to both the RF
field and monomer.

2. The reaction chamber was connected to the vacuum pump, pressure gauge and gas (Ar)
inlet.

3. Vacuum grease was applied to the joints and all the valves were turned off.

4. Vacuum pump was turned on and the plasma chamber was evacuated to a low pressure,
evaporating residual alcohols left in the chamber from the cleaning treatment. The
external electrodes and power source were connected to the chamber as previously
outlined.

5. RF glow at a power of 25 W was initiated at low pressure (~100 micron) and the
apparatus left for approximately 60 minutes. This RF field further cleaned the interior
surface of the reaction chamber and further removed contaminants remaining from the
cleaning treatment due to etching effects without the presence of a monomer. After 60
minutes the RF input was stopped and the system was exposed to atmosphere.

6. The system was again evacuated to low pressure (~200 micron) and 10 mL of y-terpinene
monomer was placed into the flask and the monomer inlet was opened. This caused the
monomer to degas, and matched the pressure of the monomer inlet to that of the tube
during deposition, such that sudden increases in pressure did not occur when the
monomer inlet was opened during the deposition of pp—GT thin films. No substrate was
in the reactor at this time so that its surface was not exposed to contamination in the form
of monomer vapor.

7. The chamber was exposed to atmosphere again and a substrate was placed between the
two electrodes. The tube was partially evacuated and Ar passed through the system for 60

seconds to ensure an O, free surface.
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8. When the chamber reached a pressure of ~100 micron, RF glow was initiated, causing a
sharp rise in pressure.

9. Once the pressure had reached ~150 micron, the monomer inlet was opened, beginning
the deposition of pp—GT thin film.

10. The deposition was allowed to continue for a predetermined amount of time depending
on several factors. As discussed in the literature review, the deposition time is the
variable, which most fundamentally determines the thickness of the final pp—GT film,
with increased deposition time resulting in thicker samples. RF power of the discharge
also influences the film thickness, and in the monomer sufficient regime, higher powers
result in thicker films. This behavior was confirmed for y-terpinene monomer and
deposition used throughout this thesis.

11. When the deposition was complete, the monomer inlet was closed and the RF glow
extinguished. The sample was left under vacuum for a minute, then removed and stored

in a closed box in otherwise ambient conditions.

II1.1.2 THERMAL EVAPORATION OF METALS

Investigating the electrical behavior of pp—GT thin films required the deposition of metallic
layers to provide a conducting surface. Thermal evaporation technique was used to deposit

metal in a Hivac thermal evaporation unit.

All substrates underwent cleaning procedure prior to being placed inside the thermal
evaporation unit. High purity A/ wire was placed within the alumina-coated tungsten boat and
the system evacuated to a pressure of 0.2 mbar. At this pressure, the plasma source was initiated
to further clean the substrates for one minute. When the pressure reached a base pressure of ~10°
> mbar, a high current was passed until the metal changed phase. After the metal melted (~30
seconds), the shutter was removed from between the boat and substrates to enable deposition.
The deposition was continued until the entire length of wire in the boat had evaporated; then the
shutter was closed while any remaining residue was burned off the boat so that it was clean for

the next deposition.

For metal-insulator—metal (MIM) structures on standard glass substrates (25 mm x 75 mm), pp—
GT thin films were fabricated over the metal layer already deposited. To define electrode
structure a shadow mask was used, where a physical layer was placed over the portion of the
substrate that does not define the electrode. Samples were fabricated in such a way that there
were two devices on each substrate. The top electrode was 5 mm x 10 mm and defined by the

shadow mask. Following deposition, samples were stored under vacuum until the next
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fabrication step was performed, in order to prevent oxidization and degradation of the deposited

metallic layers.

Deposition of metallic electrodes often required a final step before devices were ready for use. It
was necessary to attach copper wires to the electrodes on the device to interface with any other
electronic or measurement device. This was achieved using Ag paste (CircuitWorks two—part

silver conductive epoxy) to bond the wire to the surface of the electrode.

II1.2 CHARACTERIZATION METHODS

From the literature review, it was found that various properties of plasma polymer thin films are
commonly investigated, due to their fundamental importance to applications, improved
understanding of other material properties and influence of these characteristics over
interactions with other materials and processes. These are the optical, topographical and
properties and were a subject of investigation in this thesis. In this section, the techniques that

have been used to characterize pp—GT are briefly discussed.

II1.2.1 MASS SPECTROSCOPY

Plasma polymer thin films have the potential to provide a diverse range of surface properties.
This has led to their application in areas as diverse as encapsulation coatings [8, 9], biomaterials
[10], electronics [11] and nanotechnology [12]. In practice, plasma polymers are synthesized
with reference to monomer flow rate, discharge power, and chamber pressure. These parameters
provide sufficient control over the deposition process required for many applications. However,
a better understanding of the processes occurring during deposition and the mechanisms of film
formation are required to expand the extent of opportunities that plasma polymer films provide
[13]. Mass spectrometry has been identified as a useful tool for this purpose that derives a
mechanistic understanding of the chemistry of the plasma phase. It may be used to determine
the spectrum of both neutral and ionic species in the plasma. The technique relies on separating

species based on their mass-to-charge (m/z) ratio by applying an electric field.

For neutral species, after entering the instrument via a small orifice, molecules (or atoms) are
converted to ions by electron impact (typically at 70 eV) [14]. lons are then subjected to an
electric field in an analyzer, which mass selects the species, which are then measured by a
detector in the form of a current and the signal is converted to a mass spectrum. This spectrum
is used to determine the elemental or isotopic signature of a sample, the masses of particles and

of molecules, and to elucidate the chemical structures of molecules through a characteristic
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fragmentation pattern. Based on this technique, the role of ions in plasma polymerization of y-
terpinene is assessed in this thesis. Ion flux is measured as a function of input power. lon
energy, neutral and positive ion mass spectra and film deposition rate are simultaneously

monitored.
1I1.2.2 SPECTROSCOPIC ELLIPSOMETRY

The refractive index (n) and extinction coefficient (k) of a plasma polymer can derive the
material’s interaction with light. Variable Angle Spectroscopic Ellipsometry (VASE) is a
powerful technique to measure these parameters for research on new materials and processes

and used therefore in this thesis.

VASE is a technique, which measures a change in polarization as light reflects or transmits
from a material structure. The polarization change is represented as an amplitude ratio, ¥, and

the phase difference, A:
p =2 =tan (¥)e' (I1.2)
N

where p is the complex reflectance ratio, r, and r, denote the amplitude of p- and s- polarized

reflected light normalized to their initial values.

After the data are acquired covering the desired spectral range and angles of incidence, a model
for the optical structure is constructed. For example, this may include a substrate and a single
film on top, or substrate plus film with roughness on top. The model is then used to calculate the
predicted response from Fresnel’s equations that describe each material with thickness and
optical constants. If these values are not known, an estimate is given for the purpose of the
preliminary calculation. The calculated values are compared to experimental data. Any
unknown material properties can then be varied to improve the match between experiment and
calculation. Finding the best match is typically achieved through regression. An estimator, like
the Mean Squared Error (MSE), is used to quantify the difference between curves. The

unknown parameters are allowed to vary until the minimum MSE is reached.

mod _yyexpy 2 mod _ yexpy 2
MSE = |—1_¥N [(qj Ikt ) +(A‘ o )] (II1.3)

_ i=1
2N-M Oy Opi

where N is the number of measured ¥, 4 pairs and M is the number of real valued fit
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parameters. The Levenberg-Marquardt algorithm is used to perform the optimization and is
described elsewhere [15]. All analysis of ellipsometry data was performed in the WVASE32
software, which was packaged with the J.A. Woollam Co., Inc. VASE used for data acquisition.
This software package implemented the optimization algorithm; however, checks for

uniqueness of fits and a true global minimum were performed on results from all data analyses.

A typical example of the fitting process for a pp—GT sample deposited on a glass substrate is
presented below. Unless otherwise noted, this procedure has been used for the analysis of all
ellipsometry data presented in this thesis, and is relevant to all experiments and analysis

presented, as it was how sample thickness was determined in all cases.
111.2.2.1 ELLIPSOMETRIC ANALYSIS OF A pp-GT SAMPLE

Ellipsometric analysis of a pp—GT sample has been carried on across the measured spectrum of
200 nm — 1000 nm and angles of 55° - 65° to ensure measurement about the Brewster angle,
which reduces sensitivity of the data to noise and systematic errors [15]. Figure II1.3 shows the

typical measured amplitude ratio, ¥, and the phase difference, A values.
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Figure II1.3. Experimental ¥ and A data

For pp—GT, an optically transparent glass microscopy slide was used as the substrate, and a

layer was added to the model that describes the optical properties of this slide.

Generated and Experimental
14 :

—
N
I

—
o
I

W in degrees
o]
I

| |
400 600 800 1000

Wavelength (nm)

83



Generated and Experimental

200 T I T I T I |' I T
150 _
o |
@ B —— Model Fit
g 0 Bxp E 55°
s 1 - CbhEe
c 50 \ e -
< | \«\A\ i
AT N
oL > \\ - N = ——— e —
-50 1 I 1 I 1 I 1 I 1
0 200 400 600 800 1000

Wavelength (nm)

Figure II1.4. Experimental and modelled ¥ and A data after inclusion of a substrate layer

Figure II1.4 shows the experimental and modeled ¥ and 4 data after inclusion of a substrate
layer. This reveals that a model including only a substrate is insufficient to adequately describe
the experimentally obtained data. An optical model of the thin film must therefore be
determined. pp—GT thin films are optically transparent and non-absorbing in the visible spectral
range and hence their extinction coefficient tends to zero as wavelengths become longer. Such

behavior is well modeled by a Cauchy layer, described mathematically as [15]:
A = A+ + 5 45 11
A(A) = A+ 52 + 35 + jocexp <B (12400 |3 y])) (IL.4)

where A, B and C are parameters that describe the refractive index of the layer and «, § and y are
the extinction coefficient amplitude, exponent factor and band edge respectively, which

describe the extinction coefficient of the layer, modeled as an exponential absorption tail.
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Figure IIL.5. Result of fitting Cauchy layer refractive index parameters and film thickness to

experimental ¥ and A data at high wavelengths

Figure II1.5 shows the modeled system from fitting A, B and C parameters to experimental data
at high wavelengths. As C is the coefficient of a A term, if the band edge y occurs at higher
wavelengths, as was the case here, it is typical for the model to show minimal sensitivity to the

parameter and be left out of fitting entirely [15, 16].
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Figure I11.6. Modelled ¥ and A data across entire spectrum

Figure II1.6 shows the result of modeled ¥ and A data across entire spectrum. While the model
adequately describes experimental data above approximately 400 nm, below this point the
model loses accuracy. This is because of the zero extinction coefficient across the entire

spectrum. However, in reality, absorption in the UV region takes place.

Figure III.7 shows the improved model across all wavelengths by fitting the extinction
coefficient parameters a, f and y at low wavelengths while leaving A, B and C fixed at their
initial estimates. Replacing the Cauchy description of pp—GT with a General Oscillator

description, makes further improvements to the model.
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Figure III.7. Experimental model to ¥ and A data after fitting for extinction coefficient

parameters o, § and y

I11.2.2.2 GENERAL OSCILLATOR MODELS

The general oscillator model with generalized parameters, which model the absorption features
of the material, replaces the Cauchy description of the optical constants of the layer of interest.
The refractive index is then obtained by exploiting the Kramers-Kronig (KK) consistency of the
dielectric function. Depending on the characteristic shape of the material's dispersion behavior,
different oscillator models are required. The shape of the absorption depends on the physical
source of the absorption in the material, and hence correct choice in oscillator can properly

model the experimental data and determine the optical properties of the thin film.
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In amorphous materials, absorption occurs at distributed resonant frequencies and the width of
the absorption features is Gaussian in nature. Gaussian oscillators are therefore useful to capture
the features present and inform further fitting efforts, if little is known about the physical and
chemical characteristics of the material and simplifying assumptions cannot immediately be
made [16]. As mentioned earlier, plasma deposited thin films are generally amorphous in
nature, and hence the assumption of absorption bands with a Gaussian shape is a reasonable
starting point. The Gaussian oscillator describes the real (¢;) and imaginary (¢;) components of
the complex dielectric function, ¢.(E), where E is the photon energy (related to wavelength, 4,

and frequencys, f) as [15]:

&,(E) = A. (exp [— (E'Ea)z] — exp [— (ﬁ)z]) (IIL5)

o o

2
e =P ;82_ ®) dg (I11.6)
6 =—2r (I11.7)
T 2/In@ )

where A is the amplitude, E, the center energy and B, the broadening of the absorption peak,
which become the fit parameters of the model, rather than the optical constants themselves. Eq.

II1.8 provides the relationship between ¢, (E) and ¢; (E) via the KK transform.

In the case of pp—GT thin films, optical properties of the previously modeled Cauchy layer are
used as the starting point for modeling the material's optical properties with a single Gaussian
oscillator. The oscillator’s parameters are selected as optimization variables and a fit is
performed. After fitting the oscillator parameters to the initial guess provided from the Cauchy
layer, the thickness is chosen as a fit parameter, and the thickness and oscillators variables are

optimized to provide the best fit to the experimental data.
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Figure IIL.8. Experimental and modelled ¥ and A data after fitting with general oscillator

parameters

Figure II1.8 shows the result of the fitting of the Gaussian oscillator parameters and thickness of

the layer to experimental data. The optical profile of the sample is shown in Figure II1.9.
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Figure IT1.9. Optical properties of general oscillator model
I11.2.3 ULTRAVIOLET-VISIBLE (UV-Vis) SPECTROSCOPY

Ultraviolet—visible spectroscopy or spectrophotometry (UV—Vis) refers to absorption
spectroscopy or reflectance spectroscopy in the UV spectral region. The instrument used in
UV-Vis spectroscopy is called an UV—Vis spectrophotometer. It measures the intensity of light
passing through a sample (/), and compares it to the intensity of light before it passes through
the sample (Iy). The ratio I/l is called the transmittance, and is usually expressed as a
percentage (%T). UV-Vis spectroscopy is used to measure the transmittance of pp—GT samples

throughout this research work. The absorbance, A, is based on the transmittance:
- _ 010
A=—1log(%=%) (IILY)

The UV-visible spectrophotometer is also used to determine the nature of the optical transitions
for pp—GT. The optical absorption coefficient data are obtained from UV—-Vis spectroscopy
measurements. The optical absorption dependence of photon energy is expressed by the

following relationship [17]:
ahv = A(hv — Eg)™ (111.9)

where A is an energy-independent constant, E, is the optical band gap and m is a constant which
is connected to the density-of-states distribution in the transport gap in the band tails and thus
determines the type of transition (m = 1/2 and 3/2 for direct allowed and forbidden transitions,

respectively, m =2 and 3 for indirect allowed and forbidden transitions, respectively) [17].
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The optical absorption coefficient data obtained from UV-Vis spectroscopy measurements are
converted to a Tauc plot using a MATLAB program. In that curve, a value of m is employed

that provides the most linear plot, indicating the suitable optical transition.

II1.24 ATOMIC FORCE MICROSCOPY (AFM)

Atomic force microscopy (AFM), in which a sharp probe is employed for profiling surfaces has
developed into an invaluable multi-disciplinary technique for advanced characterization of
plasma polymer materials [18]. It was used in this research work because it can provide three-
dimensional high-resolution images of the surface ultrastructure with molecular resolution, in

real time, under physiological conditions, and with minimal sample preparation.

The primary modes of operation are contact and dynamic mode. Because the measurement of
the contact mode is prone to noise and drift, low stiffness cantilevers are used. However, a
drawback of contact mode AFM is the destruction of fragile objects on the sample. This can be
avoided by using the tapping mode, whereby the cantilever is vibrated at its resonance
frequency. Tip-sample interaction forces modify the oscillation amplitude, phase, and resonance
frequency; these changes in oscillation with respect to the external reference oscillation provide

information about the sample’s characteristics [19].

AFM measurements can be made on almost all surfaces, conducting, non-conducting, organic,
and inorganic surfaces. Single-molecular elongation of polymer chains can also be observed
using this technique [20]. In this work, the surface morphology and roughness of the pp—GT
films were studied using AFM at ambient pressure and room temperature. The topographic

images were obtained in the tapping mode.

I11.2.4.1 NANOINDENTATION

For more than a century, researchers have acknowledged that surface contacts between
materials are highly dependent on their mechanical properties [21]. To measure these properties
from a contact of known geometry, many different indentation tests have been developed in the
past two decades. However, due to the development of new sensors and actuators instrumented
indentation, also known as depth-sensing indentation or nanoindentation, is now increasingly
being used to probe the mechanical response of materials from metals and ceramics to
polymeric materials [22]. The additional levels of control, sensitivity, and data acquisition

offered by this technique have resulted the measurement of hardness and elastic modulus [23] of
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materials of interest very easy [22]. This technique was used in this research work to
investigate the mechanical properties of pp—GT deposited under different RF power conditions.

The elastic modulus and hardness were calculated from the elastic contact stiffness (s).

II1.2.5 FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY

Infrared spectroscopy is the study of the interaction of infrared light with matter. It is used for
material characterization because of the fact that the chemical bonds in a material have specific
frequencies at which they vibrate corresponding to their energy levels. The shape of the
molecular potential energy surfaces, the masses of the atoms and eventually by the associated
vibronic coupling, determines the resonance or vibrational frequencies. From these vibrational

frequencies, chemical bonds in the material can be determined.

The chemical composition of pp—GT thin films was characterized using FTIR in this thesis. The
advantages of this mode are the high signal-to-noise ratios, i.e. the spectrum quality, and the

universality.

II1.2.6 CONTACT ANGLE (CA) GONIOMETRY

The CA of liquids on solids are widely used to predict wetting and adhesion properties of these
solids by calculating their solid—vapor surface tension [24, 25]. The hydrophobicity/
hydrophilicity of a solid surface is usually expressed in terms of wettability that can be

quantified by CA measurements.

CA measurement is a simple and convenient method to determine the surface wettability. CAs
are not only influenced by the interfacial tensions but also by other phenomena, i.e. roughness,
chemical heterogeneity, sorption layers, molecular orientation, swelling, and partial solution of
the polymer or low-molecular constituents in the polymeric material [26]. There are two kinds
of techniques to measure contact angle, i.e., static and dynamic. Both the methods were used in

the present work to characterize pp—GT thin films using the sessile drop technique.

I11.2.7 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)

XPS is an ideal technique used for surface analysis and it possess the following attributes:
quantitative atomic identification, chemical sensitivity, sampling depth variability from about
0.2 to 10 nm depending on the material, and it is insensitive to surface roughness [27]. This

technique, also known as Electrochemical Spectroscopy for Chemical Analysis (ESCA),
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involves the irradiation of a sample in a vacuum with soft X-rays and the energy analysis of
photo—emitted electrons which are generated close to the sample surface. The interaction
between the X-ray photon and an inner-shell electron causes a complete transfer of the photon
energy to an electron. This electron then has enough energy to leave the atom and escape from
the surface (photoelectron) [28]. The binding energy E, of the inner-shell electron can be
calculated from the difference between the known X-ray photon energy hv, and the kinetic

energy E; of the photoelectron, which is measured by an electron energy analyzer:

Ep, = hv — By (I11.10)

In order for electrons to reach the analyzer without being scattered by residual gas molecules, an
ultra high vacuum (1.33x10” mbar) is used [29]. The electron energy analyzer measures the
binding energy (BE) of a particular shell of an atom, which is then plotted as intensity
(counts/second) vs. binding energy, known as the XPS spectrum. In this work, the chemical
surface composition of the pp—GT thin films fabricated at different RF power levels was

investigated by XPS.

II1.2.8 ELECTRICAL CHARACTERIZATION

Electrical characterization of a material requires determination of some fundamental properties,
i.e., its electrical resistivity, complex dielectric function etc. From a physical perspective,
understanding the material’s charge transport properties may assist in optimizations in future
work. In this thesis, the electrical properties of pp—GT thin films were divided into two
frequency regimes; the dc and ac frequency regions, each associated with a different
measurement and analysis technique. Here, ac is defined as any applied signal with a frequency
of greater than 0 Hz and less than 1 MHz, frequencies between 1 MHz and 1 GHz are
considered RF (though not explicitly considered here). In the dc region, current density vs.
voltage (J-V) curves were used to determine the material resistivity, dielectric strength, and low
frequency dielectric constant and charge transport mechanism. Impedance spectroscopy (IS)
measurements were used in the ac region to determine the dielectric function of the material as

well as its ac resistivity characteristics.

A material’s conductivity is determined through analysis of its characteristic J-V curves. As
well as this, the mechanism of charge transport through the material can be understood, and
from this the material’s dielectric constant and/or carrier mobility found. These properties are
all necessary to understand the material’s usefulness as an insulating layer; the expected leakage

current density through the material at an applied voltage and the limits of its operating range
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must be known so that proper design can be performed.

Subsequent to the presentation and analysis of the dc properties, the results of IS measurements
in the ac region are given. IS measures the impedance of a device across a range of frequencies,
from which other parameters such as capacitance, loss and quality factor (Q) are derived.
Combining these measurements with the device geometry, the complex dielectric function of
the insulating layer was derived. The real part of the complex dielectric function gives the
relative permittivity or dielectric constant (k) of the material and describes how a material stores
charge under an applied electric field. This property determines the capacitive behavior of the
material and allows the classification of the material as low-, moderate- or high-k. The
imaginary part of the complex dielectric function gives information about a material's dielectric
losses. These losses may be induced by conduction losses in the material as well as relaxation

losses and resonance effects [213-215].

Permittivity is a frequency dependent property and it is important to know the range over which
it can be expected to vary. Some materials may display high-k characteristics in one frequency
region and low-k characteristics in another, while others may maintain a relatively constant
value of permittivity across the entire frequency spectrum. Knowledge of the complex
permittivity over as wide of a frequency range as possible is therefore important in electronic

applications of a material.

In this work, the electrical properties of pp—GT thin films are investigated. The results were
then used as the basis of further investigations into the dependence of these properties on
deposition conditions, applied field, frequency and temperature. These results provide a means
of optimizing the deposition conditions for application specific outcomes. Interpretation of this
data also provided a deeper understanding of the material’s structure through analysis of
temperature dependent dielectric relaxation features. Furthermore, the results presented were

used to further examine potential application as encapsulating material for electronic devices.

I11.2.9 STABILITY STUDY

Organic polymer thin films deposited by means of plasma polymerization hold the prospects of
combining advantageous properties of the precursor, with the attractive features offered by
plasma polymerized thin films, such as high adhesion to substrate and surface uniformity, and
have been discussed by many authors [24, 30-32]. The practical implementation of plasma
polymer materials will be influenced by the extent to which a polymer film's properties

deteriorate or change under ambient environment or when subjected to extreme environmental
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conditions, such as annealing [30]. High material stability is essential for applications where the
original properties are to be maintained during the intended lifetime of the device. On the other
hand, a low point of thermal decomposition and low retention rate are a critical characteristic

for encapsulating materials, which are used for OPV devices.

In this work, the stability and thermal degradation of polymer thin films derived from organic y-
terpinene monomer is examined. The effect of deposition RF power on the stability of the
polymer films is scrutinized. Photo—degradation study is also carried out through UV/visible
exposure using solar simulator with intention to use these films in OPVs, especially as

encapsulation coatings and insulating layers in flexible electronics.

II1.3 CONCLUSION

In this chapter, a methodology to meet the identified research objectives of the project has been
detailed. Materials and methods used to fabricate pp—GT thin films and metals were provided in
this chapter. The methodology section provides an outline for the measurements performed, the
results they provided, and the way in which they satisfied the project goals. In addition, this
methodology addressed the issue of consistency in deposition, measurement and analysis and

details the steps taken to ensure accurate and reproducible fabrication of samples.
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CHAPTER 1V

ELEMENTAL DISTRIBUTION WITH MASS SPECTROSCOPY

Understanding the polymerization mechanism of a precursor is indispensable to enhance the
requisite material properties. In-situ mass spectroscopy is used in this study to understand the
RF plasma polymerization of y-terpinene at different RF powers. The results reported in this
chapter enables to comprehend the relationship between the degree of incorporation of oxygen
and the rate of deposition with the input RF power. The outcomes of these studies are reported
in Ahmad, J., Bazaka, K., Whittle, J., Michelmore, A. and Jacob, M. V. (2014) Structural
Characterization of y-Terpinene Thin Films Using Mass Spectroscopy and X-ray Photoelectron

Spectroscopy. Plasma Processes and Polymers. doi: 10.1002/ppap. 201400220.
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STRUCTURAL CHARACTERIZATION OF y-TERPINENE THIN FILMS USING
MASS SPECTROSCOPY

Plasma Polymer thin films have the capability to provide a diverse range of optical, physical,
mechanical and surface properties [1-6] suitable for applications in many areas such as
biomaterials [7], electronics [8], protective coatings [9], and nanotechnology. Plasma
polymerization can reform natural products, such as honey, into graphenes [10]. It is also a
well-known method for the dry deposition of thin polymeric films [6, 11, 12]. It is also an
environmentally friendly method because it is typically solvent-free and self-contained
(reducing the problem of waste management and environmental pollution) [13]. The
attractiveness of plasma polymerization is its ability to generate ultrathin films with good
adhesion to many commonly used substrates and alter certain properties of the films by
changing plasma parameters such as monomer flow rate, pressure in the chamber, deposition
time and power [9]. These polymer thin films are generally pinhole-free and conformal with the
substrate geometry [13]. Their properties are often unique and unobtainable by other
polymerization techniques [14]. The films are usually prepared in low-temperature plasmas
from a hydrocarbon precursor gas, which is dissociated and ionized in the discharge [15]. Ions
and radicals formed in the gas phase impinge on the substrates and lead to film growth [15].
From the industrial perspective, plasma polymerization and plasma processes, in general, are

attractive as they are relatively energy and material efficient [13].

During the modification of surface chemistry using plasma thin film deposition process,
complex chemical reactions occur under the influence of the monomer, the substrate and the
process conditions [16, 17]. Plasma contains a range of species including ions, neutrals,
electrons, excited species, and photons [18-20]. Free electrons are produced and heated by the
application of RF power. The ability of electrons to break bonds that gives rise to radicals, ions
and more electrons is of critical importance to the ignition and maintenance of the plasma. The
electron energy required for dissociation of chemical species is usually around 3-5 eV, and the
ionization energy is of the order of 10 eV [20]. For plasmas of organic monomers,
fragmentation of the monomer takes place during these dissociation collisions and low
molecular weight species are formed. Radicals (neutral species) remain at or near ambient
temperature due to the fact that they do not gain energy from the applied RF power. However,
they are highly reactive and higher energy collisions with electrons can result in some kinetic
energy being transferred from the electron to the neutral molecule [21]. An electron in the
molecule therefore gets excited to a higher energy orbit. Excited molecules are inherently
unstable, and the electron will quickly fall back to its initial (ground) state in either one or more

transition steps accompanied by emission of photons [20]. The atomic and molecular surface
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constituents emission is also observed as neutral particles or as positive or negative secondary
ions [22]. High-energy collisions between electrons and molecules usually create ions that result
in ionization of the molecules and liberation of secondary electrons. Once the various species
mentioned above have been initiated in the plasma, reactions may take place between these
species. The reactions involving ions occur in the plasma phase, leading to molecular
rearrangements that manifest themselves in the plasma polymer formed on a surface [20].
However, despite widespread uses and the vast body of literature related to the chemical
composition during plasma polymerization [23, 24], a comprehensive description of the state of
the plasma is difficult and requires a great deal of information [25]. The mechanisms involved
also raise the question of where the polymer forms: in the plasma or at the plasma/polymer

interface, or a combination of both.

Over the last decade, our group investigated plasma-assisted fabrication of functional thin solid
films for naturally occurring aromatic hydrocarbons, specifically essential oils and their
individual constituents. These films display a range of attractive optical, electrical, and
biological properties and can be used as an environmentally friendly alternative to materials
derived from synthetic sources in electronics and biomedical applications. The properties vary
as a function of precursor chemical structure and deposition conditions, in particular RF power.
In this chapter, we investigate the link between deposition mechanism and physical properties
of the film fabricated from one such essential oil-derived hydrocarbon under different RF power
regimes. The test precursor y-terpinene, also known as 1-isopropyl-4-methyl-1.4-
cyclohexadiene, is an isomeric hydrocarbon isolated directly from Melaleuca alternifolia and
several other essential oils by means of distillation [26-28]. This chapter primarily aims to
assess the role of ions in plasma polymerization of y-terpinene. Ion flux is measured as a
function of input power. Ion energy, neutral and positive ion mass spectra and film deposition

rate are simultaneously monitored.

IV.1 EXPERIMENTAL
IV.1.1 PLASMA SYSTEM

The pp—GT thin film samples were fabricated on silicon wafer inside the plasma chamber at 10,
25 and 50 W RF power. The chamber consisted of a 0.25 m steel cylinder with an internal
diameter of 0.3 m. Silicon wafer substrates were cleaned with ethanol and acetone, and then
dried under a stream of dry nitrogen. The substrates were then placed in the centre of the bottom
(ground) electrode. The chamber was evacuated to a base pressure of <2 x 107 Pa. RF power at
13.56 MHz was applied to an internal electrode of 0.28 m diameter via a coaxial power supply

(RFG050-13) with a matching network (AMN 150R). The ion flux to the RF electrode was
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measured using an Impedans OctIV ion flux probe (Impedans, Dublin) placed in series between
the matching network and the RF electrode. The deposition rate was determined using a Sycon
Instruments (USA) Quartz Crystal Microbalance (QCM) using a 6 MHz gold crystal with a
diameter of 7 mm placed in the center of the bottom electrode. The thickness of selected
samples was measured by NT-MDT NTEGRA Atomic Force Microscope (AFM) operating in
semi-contact (tapping) mode, using (NSG03, NT-MDT) cantilevers with a spring constant of 11
N/m, tip radius of curvature of 10 nm, aspect ratio of 10:1 and resonance frequency of 150 KHz.
After deposition of the film, the surface was scratched with a scalpel blade, and the thickness of
the film measured by scanning a 50 x 50 um image of the scratch at 1 Hz. The film thickness

was then taken as the average of 5 points along the scratch.

IV.1.2 PLASMA MASS SPECTRA

Hiden Analytical Ltd. EQP 1000 quadrupole mass spectrometer was operated in residual gas
analysis (RGA) and positive ion mode to acquire spectra. Sampling took place via a grounded
100 pm entrance orifice through which the system is differentially pumped using a
turbomolecular pump to keep the internal pressure below 8 x 10~ Pa during acquisition. The
spectrometer was tuned at an m/z equal to the protonated monomer. All spectra were
normalized for instrument transmission by assuming the intensity of the peaks was proportional
to 1/m, as advised by the manufacturer. The ion energy distribution at various RF powers was

also measured for the protonated monomer.

IV.2 RESULTS AND DISCUSSION
IV.2.1 DEPOSITION RATE AND ION FLUX

Table I'V.1. Comparison of total mass deposition rates y-terpinene plasmas

Power (W) P/ ® Mass deposition rate

(ugm?s™)
5 132 1283
10 263 192
25 658 39.52
50 13.16 68

The P/® (power/flow rate) ratio is widely quoted as the most important parameter while
describing the plasma [24]. Within narrow limits, it is reasonable to assume that plasma
polymers fabricated at the same P/®, but using different P and @ values will be the same [29].

In this study, obtaining identical values of P/ @ when measuring the ion flux and mass
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deposition rates and acquiring the mass spectra was not possible. However, close values were

obtained and these data are presented in Table IV.1.

The mass deposition rate of y-terpinene from the plasma was determined by in situ monitoring
using a QCM. The deposition rate as a function of RF power is shown in Figure IV.1. This
technique showed an almost linear increase of the deposition rate with plasma power (Figure
IV.1). This is commonly observed for other monomer systems too [30, 31]. The linearity

demonstrates the stability of the plasma and of the deposition process.
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Figure IV.1. Mass deposition rate, ion flux and deposition rate per ion from plasma of y-

terpinene vs. plasma power, P

The mass deposition rate data in Figure IV.1 can be compared with the calculated ion mass

fluxes. For a collision less sheath, the ion flux is usually given by [32]:

KTe
m

Fi = 0.611’li

(IV.1)

where n; is the ion density, k is Boltzmann’s constant, 7, is the electron temperature, and m is
the ion mass, so the ion flux is proportional to the ion density and electron temperature. Figure
IV.1 also shows the power dependence of ion flux. The ion flux at I0W RF power is estimated

to be 1.41 x 10" m™s" and this increases linearly with RF power.
The deposition rate per ion was obtained by division of the deposition rate by the ion flux.

However, a crude linear extrapolation, assuming zero ion flux at P = OW, was employed, as the

experimental configuration employed to record the ion flux did not allow measurements to be
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recorded below 1W. Deposition rate per ion vs. plasma power is depicted in the inset of Figure
IV.1. It shows that, as P increases, the deposition rate per ion decreases rapidly over the interval
(P =1-10 W). At the end of this interval, the deposition rate per ion is comparable to what we
would expect if the deposition were entirely accounted for by the monomeric ion (1.36 x10% g/
monomer ion). Figure IV.1 illustrates the point that at P < 10W, there is insufficient ion mass
flux to account for all the deposits, even when the increased mass of the average ion is taken
into account. The functionalized nature of the low P deposits suggest that monomer structure is
retained, a view supported in a study of acrylic acid plasma polymer by Alexander and Duc
[33]. This result leads to the suggestion that ions on arrival at the surface promote the grafting of
neutral monomer. The trend in Figure IV.1 would then be in part a reflection of the decrease in

the concentration of ‘intact’ monomer (in the plasma) with power.
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Figure IV .2. Ion energy distribution arriving at a grounded surface in SOW y-terpinene plasma

and the trend in ion energy with RF power, P

Figure IV.2 shows a plot of the ion energy distribution of the m/z 136 signal arriving to a
grounded surface in S0W y-terpinene plasma. The Figure shows that the ion energy distribution
is centred at ~16eV. The energy distribution is of the expected form, where the “peak” ion
energy corresponds to ions accelerated across the plasma pre-sheath and sheath without

collision (and hence without any loss of energy) [19].
Figure IV.2 also shows the peak energy of ions arriving at the grounded mass spectrometer

orifice at different RF power. By increasing RF power, the ion energy increased from around

15eV at 5W power, to a maximum of 25eV at SO0W RF power. These ion energies suggest that
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sufficient energy is available during ion impact to break chemical bonds and initiate new
chemical reactions (typical bond dissociation energies for C—H, C—C, C—0, and O—H

bonds are in the range from 3.6 to 4.8 eV).

IV.2.3 MASS SPECTRA
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Figure I'V.3. Corrected Mass spectra of neutral species at no plasma and different y-terpinene

plasmas

Typical electron impact mass spectra of neutral species of y-terpinene at 1 Pa (flow rate of 3.8
sccm) and power of 10, 25, and 50 W are shown in Figure IV.3. As advised by the manufacturer
of the mass spectrometer, the mass spectra were corrected using l,..; = Iyeasurea X M. Each
intensity data point was multiplied by the mass at which it was recorded, and the area beneath
the entire spectrum was normalized. In the absence of plasma, the base mass signal is located at
119 m/z (Figure IV.3). However, various lower molecular weight fractions are also detectable.
The dominant species (based on peak intensity) in plasma of y-terpinene correspond to the

monomer [M™] (136 m/z), C1oH;5" (133 m/z), CoH,,* (119 m/z) and C;Hy" (93 m/z).

The relative intensities of the neutral species were changed with RF power (Figure IV.3). When

plasma is ignited the relative intensity of intact monomer peak (e.g. 136 m/z) and fragment
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peaks (e.g. 119, 93 m/z) decreases. Same phenomenon has also been observed by Hazrati et. al.

in case of ethanol [6]. At 10W, the dominant peak in the y-terpinene mass spectra appears to be

at 119 m/z, which corresponds to CoH,;". The situation does not change at 25 and 50 W whereas

for ethanol, the most intense peak changes its appearance from 31 m/z to 28 m/z (from 2 W to

32 W) [6]. Overall, increasing plasma power leads to reduction of the intensity of the peaks at

136, 133, 119, 93,91, 78, 76, 64 and 43 m/z and increase in the peaks intensity at 104, 57, 41,

38, 27 and 28 m/z (Figure IV.3). Consistent with published studies on mass spectroscopy

characterization of plasma of other monomers there are no significant peaks observed with m/z

higher than the mass of the monomer (m/z 136) [30]. Higher mass peaks with very low intensity

did appear at higher powers, which are attributed to ablation of polymeric material within the

spectrometer [6, 30].
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Figure IV 4. Corrected Positive ion mass spectrum of y-terpinene plasmas

Figure IV 4 shows mass spectra taken in positive ion mode at plasma powers of 10, 25 and 50
W. At each power, the ion optics was retuned to maximize the signal of the molecular ion by
acquiring the ion energy distribution, and determining the maximum ion energy intensity
(corresponding to ions arriving at the spectrometer orifice without having undergone any
collisions). The dominant feature for all plasmas was the peak at m/z 136, which corresponds to
the M™ (CjoH;s™) ion. The peak at m/z 273 corresponds to a dimer [2M+H]*, whereas the
protonated molecule [M+H]" at m/z 137 was also found in the mass spectra. This was
accompanied by both higher and lower m/z species. For example, significant oligomerization
was observed by peaks at m/z 153, 163, 177, 180, 210, 215, 229, 241 and 255, but at lower
intensity. Lower m/z species were observed at m/z 41, 81, 92, 93, 104, 106, 107, 118 and 121.

Given that the data has been conservatively normalized using / . proportional to 1/m, it can
measures

be seen that the species below m/z 136 are more important for polymer formation than higher
m/z species. The relative intensity of the peak at m/z 136 decreased with increase in power but
still this peak remained as the dominant feature of the spectra in the power range we
investigated. Increasing plasma power also led to the reduction in the intensity of lower
molecular weight fractions, which was expected due to the enhanced fragmentation of the
monomer at higher power. It is interesting to note that oligomeric peaks corresponding to the
dimer [2M+H]" also decreased with power. No peaks above m/z 400 were detected under any of

the deposition conditions applied in this study.
The base peak at m/z 119 is formed by the possible elimination of a methanium ion (CHs"), in

accordance with the preferred fragmentation at a tertiary center. A possible cleavage at

quaternary center that may lead to the removal of a methyl radical (~CHj3) and the formation of
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an ion m/z 121 of moderate abundance, or to a ring-opening process that will not affect the
molecular weight. Such a fission could occur in the following two ways (scheme I or II) since

isoprene (CsHg) is the basic building unit of y—terpinene [34].

Scheme 1
C5+H8 + C5Hg
+ Plasma —> - or
.A ' fragments
Scheme II
C5+H8 + C5Hg
or
fragments

The presence of the series of abundant ion m/z = 41, 39 and 27 can be correlated with the
known structure of isoprene. It is to be noted that a preferred center of fragmentation of a
molecular ion occurs at a site of chain-branching [34]. Generally, the longer branch is
eliminated preferentially. For y—terpinene, scheme III is to be expected, yielding the ions m/z =

41 and 27.

CH; C3'Hs + C,H,
C-*CH=—CH2 ——» or

CH2 Csz + C2+H3

Another base peak for isomers of y—terpinene at m/z = 93 may be produced due to the loss of
C;H; (m/z = 43) from the intact monomer. The moderate abundance of the ions m/z 27 and 29
may be derived by the hydrogen transfer (as a coexistent process) [34] since the carbon-methyl

bonds are not allylic to the 1,4 double bonds in the ring.
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C,"H; + Residue
Or
C,"H; + Residue

The ion C;H;" (m/z = 39) is considered to be of particular stability since it is found to be a
prominent ion in the fragmentation patterns of many compounds [35]. This may be derived
either by the loss of two hydrogen atoms, or a hydrogen molecule, from the ion m/z = 41, or by

a double hydrogen rearrangement to form the ethyl radical.

C3+H3 + C2H5
CHy~__
C—CH=—CH2 — or

/ C;*H; + C,H; + H,
CH,

Finally, a further fragmentation at the quaternary center may lead to the elimination of
seventeen mass units i.e. a methanium ion (CHs") from isoprene unit and the production of an
ion m/z = 51. The remaining ions are not readily explained here. It is possible that they arise

from processes involving random rearrangement.

Even though we did not use O, as a carrier gas, some oxygen-contaminated peaks were
observed such a C3HsO (m/z 57), CH405 (m/z 64), CH,(CH,OH), (m/z 76) and C3H,05 (m/z 91)
in the mass spectra. This may be attributed to a trace amount of oxygen, carbon and hydrogen
that is contaminated in the carrier gas, gas lines and surrounding source area within the
instrument. Another common contaminant of vacuum systems is the mechanical pump oil that
may backstream into the vacuum chamber and causes some oxygen-contaminated peaks [36].
Cleaning parts with solvents is a common approach to remove the contaminant oil. However,
organic solvents, such as acetone, are more tenacious contaminant than the oil they are designed

to remove. Solvents, therefore, may produce oxygen—contaminated peaks in the mass spectra.
IV.3 CONCLUSION
In this chapter, plasma polymerization of y-terpinene has been investigated to study the

influence of the precursor chemical structure on the process of polymerization. Measurements

of the ion flux and mass deposition rates at the surface of pp—GT thin films have been combined
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with mass spectrometry of the plasma-gas phase and analysis of the film surface by XPS. Mass
spectrometry has shown that ionic species play a critical role in the overall plasma process, both
in the gas-phase and at the plasma-surface interface. Ion bombardment of the surface
contributes to cross linking of deposited polymeric films and can also strongly influence the
surface interactions of plasma radicals. The ionic mass transported to the surface is significant
(even at low RF powers), so it is likely that similar reactions are taking place at the surface of
pp—GT. Active sites in the polymer surface, formed as a result of ion impact followed by
grafting of neutral species (including intact monomer), would account for some of the mass
deposited. No significant free radical chemistry is therefore found to take place in the gas phase
[30]. However, absence of evidence for neutral species of m/z > 136 is not evidence of absence;
it is possible that some larger species exist, but are unable to survive ionization inside the

spectrometer.

On the basis of this study, a comprehensive picture of the plasma polymerization of y—terpinene
is emerging. The ion contribution to the deposit growth appears to be very important over the
entire power range. Small proportion of intact monomer, y—terpinene appears in the system as
suggested by the neutral spectrum. The surface chemistry of pp—GT does not show any
significant variation over the power range studied. This finding fits well with the observed gas-
phase chemistry, but not with the ion energy data. This result could indicate that the increase in
ion energies seen over the power range does not have a significant bearing on surface chemistry,
which, in turn, would suggest that polyatomic ions with energies below 25-30 eV do not

significantly fragment or cause sputtering of surface material.

Mass spectrometry has shown that the degree of cationic oligomerization in the gas phase does
not change markedly across the power range studied. The data also showed that the retention of
oxygen changes significantly. These findings are of great importance in order to be able to
optimize the chemical selectivity of pp—GT thin films as well as their cross-linking degree. This
chapter provides for the first time, the details of y—terpinene fragmentation and oligomerization
during plasma deposition, which is an important step in understanding the chemical and

physical phenomena occurring during plasma polymerization.
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Chapter V

OPTICAL AND SURFACE CHARACTERIZATION

As a part of an electronic device or as an encapsulation coating, the optical, mechanical and
morphological properties polymer thin films influence the nature of application, performance
and longevity of these materials. These properties of pp—GT thin films fabricated on a range of
common substrates at varied deposition power are outlined in this chapter. Film hardness,
elasticity, coating adhesion and susceptibility to wear are examined using nanoindentation
analysis. Surface architecture is examined in detail using images obtained by means of AFM.
The outcomes of these studies are reported in J. Ahmad, K. Bazaka, and M. Jacob, "Optical and
Surface Characterization of Radio Frequency Plasma Polymerized 1-isopropyl-4-Methyl-1,4-
Cyclohexadiene Thin Films," Electronics, vol. 3, pp. 266-281, 2014.
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OPTICAL AND SURFACE CHARACTERIZATION OF RADIO FREQUENCY
PLASMA POLYMERIZED 1-ISOPROPYL-4-METHYL-1,4-CYCLOHEXADIENE
THIN FILMS

The latest advances achieved in the field of organic electronics have expanded the scope of
applications beyond those attainable with conventional silicon (Si) semiconducting technologies
to include flexible photovoltaic (PV) and light-emitting devices, flexible displays, chemical and
biological sensors, wearable and implantable electronics, to name a few [1-7]. Among these,
organic thin film PV is an emerging economically-competitive PV technology that combines
manufacturing adaptability, low-cost processing and a lightweight, flexible device end-product.
In spite of the significant advances in OPV, commercial use of this technology remains limited,
due to both low power conversion efficiency (PCE) and poor overall stability of the devices.
Indeed, even though the highest PCE achieved from organic PV has risen from 2.5% to 11% for
bulk heterojunction polymer: fullerene solar cells over the last ten years, it falls short of 25%—
30% PCE level offered by established Si photovoltaic cells. The lifetime achievable by the most
advanced organic solar cells is also far below the 20-25 years lifespan of commercial Si
photovoltaic cells [8], attributed to relatively low environmental stability of organic photoactive

materials.

Most of the research effort to date has concentrated around the photoactive layer, focusing on
new, more efficient and stable materials with tailored energy levels and solubility, and a better
understanding of the mechanism of photon—to—electron conversion [9]. However, encapsulation
with high barrier performance materials has also been recognized as instrumental in
significantly improving device lifetime, where device stability is extended by limiting
penetration of oxygen and moisture from the environment into device layers [10]. For instance,
encapsulation of solar cells based on coating of ZnO layer on top of a photoactive material and
subsequent UV resin drop coating resulted in a significant increase in the stability, shelf life of
the device, and the cost-effectiveness [11]. Recently synthesized silicon oxide/alumina and
parylene layer had an effective water vapor transmission (WVTR) rate of 2.4 = 1.5 x 107
g/m*/day [12]. However, the requirements for high performance encapsulation materials include
good processability, high optical transmission, high dielectric constant, low water absorptivity
and permeability, high resistance to ultra-violet (UV) degradation and thermal oxidation, good
adhesion, mechanical strength, and chemical inertness [13]. While inorganic barrier layers are
often used for their sound durability [14], organic encapsulation materials are attracting

attention for their synthetic flexibility and resulting property tunability [15].
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Organic thin film materials fabricated from renewable precursors using low-cost deposition
methods, such as plasma-assisted nanoassembly, have lower environmental and economic costs
[16]. Low-temperature plasma deposition is a highly engineering-friendly, economical method
of polymer synthesis, that delivers practically pollutant free surface chemistry, and can be easily
integrated into manufacturing processes [17, 18]. The method offers a level of confidence and
deposition quality comparable to and in many cases superior to other widely-used techniques,
such as thermal chemical vapor deposition, wet chemistry processing, laser assisted
microfabrication, efc. [19, 20]. Films fabricated using plasma-assisted synthesis are typically
smooth, ultrathin and pinhole free, with good spatial uniformity, conformal coverage, and high

adhesion to the substrate [21].

Earlier, Jacob and co-workers have successfully used plasma-assisted deposition to fabricate
thin films from renewable precursors for application in electronics and biomedical fields,
reporting property variability linked to both deposition conditions and the chemistry of the
monomer [22-26]. This chapter reports on the plasma-assisted fabrication of new polymer thin
films from y-terpinene, with intention to use these films in OPVs, specifically as encapsulation
coatings, and as insulating layers in flexible electronics. Given the proposed application for the
plasma polymerized y-terpinene (pp—GT), the material is studied in terms of optical, surface,

mechanical, and adhesion properties as a function of deposition conditions.

V.1l EXPERIMENTAL

Thin film samples were deposited on high quality glass microscope slides inside a custom
made, cylindrical RF polymerization chamber, 0.75 m in length with an inner diameter of 0.055
m (approximate volume of 0.018 cm®). The slides were thoroughly cleaned using extran, an
ultrasonic bath of distilled water, and rinsed with isopropanol prior to deposition. Using the
procedure outlined in [22], plasma polymer films were fabricated from y-terpinene monomer
(Figure V.1) at various input RF power levels (10, 25, 50 and 75 W) and at an ambient
temperature of 20°C. The monomer flow rate was estimated to be 1.57 cm’/min by employing

the procedure outlined by Gengenbach and Griesser [27].

Figure V.1. Chemical structure of 1-isopropyl-4-methyl-1.4-cyclohexadiene (C;oH¢)
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Variable angle spectroscopic ellipsometry (VASE) measurements were performed using a
J.A. Woollam Co. Inc. model M-2000D variable angle spectroscopic ellipsometer to estimate
sample thickness and optical properties of pp—GT thin films. The refractive index n, extinction
coefficient k and thickness were derived from the experimental 4 and ¥ data via regression
analysis. The relation between n and thickness for the polymer samples has also been
investigated. UV-Vis spectroscopy measurements were performed using an Avantes Avaspec
2048 spectroscopy unit with an Avalight-DHc light source to measure the absorbance in the
ultraviolet and visible region. From those data, values of optical band gap have been derived.
Surface morphology and roughness parameters of pp—GT thin films fabricated under different
RF powers were determined from atomic force microscope (AFM) images acquired on a NT-
MDT NTEGRA Prima AFM operating in semi-contact mode. A Hysitron Triboscope was used
to perform the nanoindentation study. During the nanoindentation study, a Berkovich indenter
(70.3° equivalent semi-opening angle) was used and instrument compliance was calibrated using
fused silica. Preliminary images of the samples under investigations were collected in order to
evaluate the roughness of the area to be indented. Twelve indentations were made on each sample
and the results presented are an average of these indentations. Typical loads used in the indentation

ranged from 100 puN to 2000 uN with fixed loading time and hold time of between 2 and 5 s.

In the load-partial unload (PUL) experiment, several cycles of loading and unloading were
performed in a sequence (Figure V.2). At a constant rate of loading and unloading (100 pN/s),
the Berkovich indenter was first loaded and unloaded two times in succession with each of the
unloadings terminated at 10% of the maximum load to assure the contact between the pp—GT
thin film sample and the indenter. This was performed to examine the reversibility of the
deformation and thus ensure that the unloading data used for analysis purposes were mostly
elastic [28]. The load was held constant after the second unloading for a fixed period of time at
10% of the peak value while the displacement was carefully monitored to establish the rate of
displacement produced by thermal expansion in the system. Following the hold period, the
sample was loaded for the last time to allow any final time dependent plastic effects to diminish,

with another fixed hold period inserted at peak load and then the specimen was fully unloaded.
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Figure V.2. Typical load-time sequence used for load—partial unloading experiments

After the indentations were performed, stiffness values and the known modulus for quartz were
used to calculate the contact area for each indent. Contact parameters and mechanical properties
of the pp—GT thin films are derived from the contact area and load-displacement curve as
proposed by Oliver and Pharr [28]. The unloading stiffness was determined after polynomial

fitting of 90% of the unloading curve.

The cross—hatch test was performed on pp—GT films fabricated at different power levels using
the Elcometer 107 kit to obtain a standardized (ASTM D3359) qualitative assessment of the
adhesion between the films and the glass substrate. Crosshatch patterns were made on the
polymer film surfaces using the cutting tool (6 teeth, 1 mm spacing). The whole area was then
brushed to remove debris and adhesive tape was applied on top of the lattice followed by
smoothing out the tape with a pencil eraser across the surface. The tape was then removed by
pulling at an angle of 180° and the results were analyzed by comparing the lattice of cuts with
ISO standards. Three samples were fabricated for each applied RF power, with three crosshatch

tests performed on each sample.

V.2 RESULTS AND DISCUSSION
V.2.1 EFFECT OF TIME ON FILM THICKNESS

The dependence of pp—GT thin film thickness on the deposition time was studied on samples
fabricated for 2, 5, and 10 min at 25 W RF power along with constant monomer flow rate and
pressure. A film thickness of 120 nm was obtained with deposition time of 2 min at 25 W. The

sample thickness increased linearly with time, approaching 438 nm for deposition time of 10
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min. Similar trend was observed for films fabricated at 10, 50, and 75 W RF power. Film
thickness is also found to be linearly increasing with higher RF power. This is due to an
increase in the densification of electrons with an increased crosslinking. Same phenomenon has
also been observed in case of plasma polymerized terpinen-4-ol and linalyl acetate (PLA) thin
films [29, 30]. Assuming constant deposition conditions (pressure, monomer flow rate, distance
between electrodes, etc.), the desired film thickness of pp—GT thin film for a potential

application can therefore be achieved by controlling the time of deposition.

V.2.2 RF POWER DEPENDENCE OF OPTICAL CONSTANTS

The effect of changing the RF power level on the optical constants of pp—GT polymer thin films
has been studied using VASE and UV-Vis spectroscopy over the wavelength range of 200—
1000 nm. UV-Vis absorption spectrums of samples fabricated at 10, 25, 50, and 75 W RF power
level (Figure V.3) reveal that the absorption contour is replicable over the RF power range
employed during fabrication. Reallocating of the peak position and/or broadening of the peak is
not observed with increase in RF power, unlike other studies [31]. The maximum absorption of
pp—GT films fabricated at different RF power levels is found to be at 300 nm. It is believed that
the main absorption peak may be the result of pi—pi * transitions. The optical transparency of
the polymer films is confirmed by these spectra as the maximum absorption peaks are outside of
the visible region of the spectrums. The optical transparency of the pp-GT film can be
effectively used in applications such OPV, medical imaging, optical sensor and as an

encapsulating (protective) layer for the electronic circuits.
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Figure V3. UV-Vis absorption spectrum of pp—GT thin films
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Figure V.4 demonstrates the n and k profiles of pp—GT thin films fabricated at various power
levels. Thickness and surface roughness parameters from cauchy analysis (WVASE software)
were used to obtain n and k profiles. Mean squared error (MSE) values used to assess the
quality of the modeling fit were below 3. Considering the profiles, it is observed that the overall
shape of the curves was similar across all the samples. At short wavelengths (below 250 nm), a
sharp peak in n profile was detected. At wavelengths above approximately 250 nm, an increase
in RF input power resulted in higher n values for the polymer. At 500 nm, the difference in
refractive index between 10 and 75 W sample is 0.01, corresponding to a change of less than

1% that is similar to thin films fabricated from linalyl acetate [32].
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Figure V 4. Refractive indices and extinction coefficient of pp—GT thin films

Based on the refractive index values of pp—GT films, it is anticipated that it can be used as a
coating on long-period fiber gratings (LPFGs) to enhance its sensitivity, similar to J-form
syndiotactic polystyrene [33]. According to [34], pp—GT can also be used in advanced
optoelectronic fabrications, such as high performance substrates for advanced display devices,
optical adhesives or encapsulants for OPV devices, antireflective coatings for advanced optical

applications or image sensors [5, 6, 10].

The extinction coefficient (k) profiles for pp—GT samples fabricated at various RF power levels
illustrate very similar characteristics. These results (optical similarities with glass and
transparency in the visible wavelength region) confirm pp—GT thin films as a strong candidate

for use as encapsulation coatings in OPV, optical devices, such as LEDs, FETs, and lenses.
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Abbe number (vp), a key parameter for the refractive index dispersion, is of great importance
for optical materials used in the visible region. It is also defined as v-number or refractive
efficiency or constringency of the material. The Abbe number is given by following equation

[35]:

where ny, nr, and nc are the refractive indices of the material at the wavelengths of sodium D
(587.6 nm), hydrogen F (486.1 nm), and hydrogen C (656.3 nm), respectively [35]. Materials
that have a higher Abbe number (vp) have lower dispersion in the refractive index, whereas
highly refractive materials have small Abbe numbers [36, 37]. A polymer having low v (<30),

is therefore not suitable for use in optics [36].

For pp—GT films, vp increases from 35.37 to 40.35 (Table V.1) with increase in RF power (10
W to 75 W), which confirms that films fabricated at 75 W have lower dispersion in the
refractive index. These results indicate the well-balanced properties and hence the pp—GT

polymer thin films are potential candidates for advanced optical applications.

Table V.1. Abbe-numbers for pp—GT thin films.
RF Power (W) vp

10 35.37
25 35.18
50 37.80
75 40.35

V.2.3 THICKNESS DEPENDENCE OF OPTICAL CONSTANTS

Thickness dependence study was carried out using spectroscopic ellipsometry data taken for
pp—GT thin films fabricated at 25 W with different film thicknesses and the corresponding n
and k profiles. With an increase of thickness over the measured wavelength region, a very small
increase of n is observed. The shift in n vs. thickness is comparable to that found for
polyparaxylene films [38], which were deemed to not have significant thickness dependence on
n. The shifts found in pp—GT thin films are therefore insignificant and thus #n is not dependent

on thickness.
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V.24 DETERMINATION OF ENERGY GAP

To determine the nature of the optical transitions, the optical absorption study was performed
for pp—GT thin films. The optical absorption coefficient data were obtained from UV-Vis
spectroscopy measurements. The optical absorption dependence of photon energy is expressed

by the following relationship [39]:

ahv = A(hv — Eg)™ V.2)

where A is an energy-independent constant, E, is the optical band gap and m is a constant,
which is connected to the density-of-states distribution in the transport gap in the band tails and
thus determines the type of transition (m = 1/2 and 3/2 for direct allowed and forbidden
transitions, respectively, m = 2 and 3 for indirect allowed and forbidden transitions,

respectively) [39].

The optical absorption coefficient data obtained from UV-Vis spectroscopy measurements were
converted to a Tauc plot using a MATLAB program. In that curve, a value of m = 3/2 was
employed for all the pp—GT thin films studied, as this value provided the most linear plot,
indicating direct forbidden transitions. The indirect process is much slower than the direct
transitions as it requires three entities to intersect in order to proceed: an electron, a photon, and
a phonon. Materials showing direct transition are therefore much more efficient than materials
that show indirect transition. Gallium arsenide (GaAs) and other direct band gap materials are
used in optical devices, such as LEDs and lasers, whereas Si that is an indirect band gap
material is not used. This study shows that pp—GT, having direct transition has the potential to
be used in different optical devices. The optical band gap values (Table V.2) remained between
3.14 eV and 301 eV, falling within the insulating region of E,. The pp—GT thin films can
therefore be used as insulators for the application of flexible coating on electrical apparatus

(e.g., printed circuit board, high voltage systems, circuit breakers, etc.).

Table V.2. Optical bandgap of pp—GT thin films for m = 3/2.
RF power (W) E, (eV)

10 3.14
25 3.08
50 3.07
75 301
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V.2.5 SURFACE MORPHOLOGY

The surface profile of pp—GT thin films fabricated at various input RF power levels were
studied to examine surface defects and roughness The topographical features of the investigated

films deposited on glass surfaces are shown in Figure V .5.

o o 0o 0

Figure V.5. AFM images of pp—GT thin films fabricated at 10, 25, 50, and 75 W input RF

power levels.

From this study, pp—GT thin films are found to be smooth, uniform and defect-free, exhibiting
consistent morphology across film samples. Average roughness values for all samples were
approximately 0.3 nm. These roughness values were in agreement with the roughness values
found by means of spectroscopic ellipsometry. Surfaces with RMS roughness values below 0.5
nm have an insignificant effect on its surface and chemical properties and performance [40].
Considering this and the determined roughness of 0.3 nm, the polymerization reactions are
confirmed to take place mostly on the surface of the glass substrate rather than in the gas phase

[41].

Beside the conventional roughness parameters R, and R,, the statistical parameters, such as Ry
(skewness) and Ry, (kurtosis), were determined for the pp—GT thin films. Ry, is a quantitative
measure of the kurtosis, which is defined as the randomness of profile heights that determines
whether the data sets are peaked or flat relative to a normal distribution. Ry, values can range

from O to 8. Surfaces with distinct peaks that decline rather rapidly and have heavy tails exhibit
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high values; whereas rough surfaces with flat top near the mean possess lower values. The pp—
GT thin film fabricated at 10 W has lower value of Ry, (Table V.3), whereas sharp peaks and
heavier tails are found for samples fabricated at higher RF power levels (Figure V.5) that have
relatively high values of Ry, (Table V.3). A surface skewness (Ry) greater than O is observed
for pp—GT films, i.e., the predominance of disproportionate number of peak-like surface
features. Furthermore, it was observed that the 75 and 50 W samples have smaller and tapered
features (narrow curves) while the 25 and 10 W samples have broad curves. Furthermore,
decrease in entropy indicates the surface flatness, i.e., reduction of growth of pores at higher RF
power levels [42]. Because of this behavior, R, and R, values decreased with increase of RF
power. However, higher deposition rate of pp—GT resulted in an increase in the surface
roughness values due to the fact that the particles in the growth region were unable to relax fast
enough before the next layer of the film is deposited [43]. These surface analysis results clearly
indicate the difference between the peak distributions for pp—GT samples fabricated at different
RF power that may affect the wettability. Uniformity of films is also confirmed from the

analysis, which indicates the less prone to fracture characteristics of the pp—GT films.

Table V.3. Roughness parameters of pp—GT thin films

Roughness parameters 10W 25W 50W 75W
Maximum peak height R, (nm) 4.48 238 2.16 2.15
Average roughness R, (nm) 030 028 025 021
Root mean square R, (nm) 039 034 032 030
Surface skewness Ry 032 022 014 008
Coefficient of kurtosis Ry, 006 054 063 077
Entropy 6.12 45 39 356

Surface morphology can also be described in relation to the wetting behavior of the plasma
films. Surface roughness generally enhances the hydrophilicity [44]. For pp—GT thin films, the
decrease in roughness values with higher deposition power is therefore considered to contribute
to the increased hydrophobicity of the surface. Smooth surfaces with greater hydrophobicity are
vital for optical and electrical applications, and also for implementing as coating materials for

surface protection or buffer layers [45].

V.2.6 NANOINDENTATION

Mechanical properties of pp—GT deposited under different RF power conditions were
investigated using a single indentation method and a load-partial unload technique. A series of

indentations were made in the films with depths ranging from 221.5 nm to 207.2 nm depending
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on the thickness of the film. Illustrative single indentation curves from 2 um thick pp—GT film

fabricated at 10 W is presented in Figure V.6.

The load-unload curve (Figure V.6) shows the typical behavior of pp—GT thin films undergoing
a nanoindentation test. The initial slope of the unloading process is used to deduce the reduced
elastic modulus of the material at the specific contact depth, /.. There are a number of pop-ins
in the curve initially and this phenomenon may be attributed to micro-cracking or dislocation
nucleation and/or propagation during loading as have been investigated in a wide variety of

materials [46].
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Figure V.6. Load—displacement diagram of pp—GT thin film fabricated at 10 W

The elastic moduli and hardness of different pp—GT thin film samples increased with the
increasing RF power as seen from Table V .4. Elastic modulus of pp—GT thin film fabricated at
10 W is 4.22 GPa, while film fabricated at 75 W reaches an elastic modulus of 5.96 GPa.
Increase in modulus is also observed with decreasing .. This may be due to the transition from
spherical contact to conical contact behavior occurred at s, = indenter radius/4 for the
Berkovich indenter used in the study [47]. Data at lower depths should be treated with caution
as the contact modulus measured varies considerably with tip radius under spherical contact
conditions. Hardness of pp—GT thin films also follows the same trend as elastic modulus. The
hardness of the materials increases with increase in input RF power and this can be attributed to
the higher crosslinking of the polymers fabricated at higher power levels [22]. These result in an
increase in resistance against deformation. Increase of elastic modulus and hardness with
increasing RF power has also been reported in other materials such as linalyl acetate [26].
However, it should be noted that several sources of error may exist in these experiments, which

may include the relative non-uniformity of the indent (e.g., pile-up and sink-in phenomena)
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observed on some samples, and difficulties in precise estimation of the indent area (e.g.,
possible overestimation in the case of pile-up and underestimation due to sink-in features),
respective influences of material properties and sample thicknesses and creep [48]. In addition,
artifacts and tip effects affecting the precision of the measurement may possibly be imaged due
to the usage of same tip for the actual indentation process and imaging. In a nanoindentation
test, very often the stress relaxation is observed at the maximum load during unloading process.
This is due to the large strain beneath indenter and the large strain rate at this point (since the
loading rate is usually finite during the experiment). Moreover, sudden withdraw of indenter
causes oscillations in measurement whereas holding at maximum load may lead to uncertainties in
the measured quantities [48]. In addition, the initial portion of unloading is more prone to
thermal drift than the loading curve. The values presented in Table V .4 are therefore indicative
of the evolution of the hardness properties of pp—GT thin films under changing fabrication
conditions and may quantitatively differ from the actual material properties due to

aforementioned measurement bounds.

Table V .4. Hardness parameters of pp—GT thin films

RF power Contact depth, Hardness, Final depth, Elastic modulus, E
(W) h. (nm) H = SE (GPa) h; (nm) (GPa)

10 221.5 0.40 £0.01 137.90 422

25 2183 046 £0.02 102.53 4.61

50 211.7 0.51+0.02 83.60 4.90

75 207.2 0.58 £0.03 69.76 5.96

Loading time and holding time have significant effect on the indentation behavior of pp—GT
thin films. To investigate these effects, single indentations were performed on samples
deposited at 75 W at constant load of 1000 uN. Figure V.7 shows typical repeat single indentation
profiles under increasing indentation load of pp—GT film deposited at 75 W. Hardness value
decreased from 0.57 GPa to 0.53 GPa with increasing loading and unloading time with rates (r)
ranging from 0.5 to 20 nm/s. As creep deformation taking place during the holding time
influences the contact depth at maximum load, the hardness values obtained using these
maximum contact depth estimates will also be affected [24]. Moreover, the holding time at
maximum load affects the unloading portion of the load displacement curve. In this study, an
increase in the hold time showed a decrease in the positive slope value of the material. The
relationship of decrease in this slope of unloading in the load-displacement curve and modulus

of the pp—GT thin films can be explained by the following equation [49]:
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The decrease in the slope value means decrease in the dP/dh value that leads to a decrease in
modulus value. Further increase in hold time increases the indentation depth of the indenter tip
on the thin film surface, which leads to increase in contact area of the indenter with the film.
The increase in the contact area decreases the hardness of the film. In the case of pp—GT thin
films, increasing the hold time from 5 to 25 s at constant load of 500 pN resulted in a decrease

in the calculated hardness from 0.59 to 0.53 GPa.
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Figure V.7. Typical AFM image of plastic impressions remaining in pp—GT sample fabricated

at 75 W after indentation under different load conditions

To extend the capabilities of quasistatic testing to allow depth profiling of pp—GT thin films, the
partial unloading (PUL) technique was used. This investigation revealed that at depths below
190 nm (2 pm thick pp—GT film), the depth profile of the hardness follows a trend similar to
that determined using the single indentation approach. The hardness of the system gradually
increases above approximately 190 nm due to the stress field no longer being contained within the

body of the thin film.

V.2.7 ADHESION STUDY

The adhesion behavior of pp—GT thin films deposited on glass is presented in Figure V.8. The
adhesion improved with higher deposition power. Films fabricated at 10 W showed 5%-15%
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delamination. However, films fabricated at 50 and 75 W showed no delamination effect with a

higher cross hatch rating.
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Figure V.8. Adhesion data for pp—GT thin films at 10, 25, 50, and 75 W

The optical image acquired using the microscope and CCD camera for the 10 W sample showed
a significant amount of deformation occurred to the sample upon applying and consequent
removal of the adhesive tape. For the thin films deposited at 25 W, the areas that were not
affected by the tape test appeared uniform and with the increasing of RF power, this uniformity
increased. This trend is attributed to the interfacial bonding that is improved by an increase in
cross-link density associated with increasing applied RF power. These findings provide an insight

into the reliability of the pp—GT films.

V.3 CONCLUSION

In this chapter, the basic optical properties and optical constants of the pp—GT thin films were
investigated by means of spectroscopic ellipsometry and UV-Vis spectroscopy. The optical
constants such as the refractive index (n), extinction coefficient (k), and optical band gap were
determined. The films are confirmed as optically transparent and independent of RF power. The
refractive index and extinction coefficient of the pp—GT thin films demonstrated very little
dependence on RF power and film thickness. The optical absorption spectra showed that the
absorption mechanism is a direct transition. The independence of the refractive index on the RF
power level demonstrates the pp—GT thin films as an impending optically stable material for

optical applications.
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AFM investigation demonstrated that the pp—GT films were smooth, uniform and defect-free.
The average roughness parameter decreased with increasing RF power (0.30 for 10 W and 0.21
for 75 W). In the nanoindentation study, combined effects of loading rate and holding time were
investigated. For the load rates and hold time considered, pp—GT thin films were found to be a
function of both the variables. The unloading portion of the load-displacement curve was found
to be strongly dependent on the holding time. The hardness increased from 0.40 GPa for 10 W
to 0.58 GPa for 75 W at a load of 700 uN. Elastic modulus of pp—GT thin film fabricated at 10
W was found to be 4.22 GPa, while elastic modulus of 5.96 GPa was found for 75 W film. An
adhesion study established that the quality of adhesion is improved for samples fabricated at
higher RF power, while the films produced at low RF power adhered poorly to the substrates.
These studies demonstrate that the pp—GT polymer is a potential candidate for thin film

applications in flexible electronics and OPV that entail smooth and uniform surfaces.

REFERENCES

[1] K. Jung, W.-K. Choi, K. H. Chae, J.-H. Song, S.-J. Yoon, M.-H. Lee, and J.-W. Choi,
"Highly conductive and damp heat stable transparent ZnO based thin films for flexible
electronics," Journal of Alloys and Compounds, vol. 554, pp. 240-245, 2013.

[2] D. P. Dubal and R. Holze, "All-solid-state flexible thin film supercapacitor based on
Mn304 stacked nanosheets with gel electrolyte," Energy, vol. 51, pp. 407-412, March,
2013.

[3] X. Qian, T. Wang, and D. Yan, "Transparent organic thin-film transistors based on high
quality polycrystalline rubrene film as active layers," Organic Electronics, vol. 14, pp.
1052-1056,2013.

[4] A.J. Ferguson, J. L. Blackburn, and N. Kopidakis, "Fullerenes and carbon nanotubes as
acceptor materials in organic photovoltaics," Materials Letters, vol. 90, pp. 115-125,
2013.

[5] F. M. Kelly, L. Meunier, C. Cochrane, and V. Koncar, "Polyaniline: application as solid
state electrochromic in a flexible textile display," Displays, vol. 34, pp. 1-7,2013.

[6] H. He, X.-B. Xu, and D.-F. Zhang, "An aligned macro-porous carbon
nanotube/waterborne polyurethane sensor for the detection of flowing organic vapors,"
Sensors and Actuators B: Chemical, vol. 176, pp. 940-944,2013.

[7] V. F. Curto, C. Fay, S. Coyle, R. Byrne, C. O’Toole, C. Barry, S. Hughes, N. Moyna,
D. Diamond, and F. Benito-Lopez, "Real-time sweat pH monitoring based on a
wearable chemical barcode micro-fluidic platform incorporating ionic liquids," Sensors

and Actuators B: Chemical, vol. 171-172, pp. 1327-1334,2012.

129



(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

F. C. Krebs, "Alternative PV: Large scale organic photovoltaics," Refocus, vol. 6, pp.
38-39,2005.

Y .-W. Su, S.-C. Lan, and K.-H. Wei, "Organic photovoltaics," Materials Today, vol.
15, pp. 554-562,2012.

J. Ahmad, K. Bazaka, L. J. Anderson, R. D. White, and M. V. Jacob, "Materials and
methods for encapsulation of OPV: A review," Renewable and Sustainable Energy
Reviews, vol. 27, pp. 104-117, 2013.

H.-J. Lee, H.-P. Kim, H.-M. Kim, J.-H. Youn, D.-H. Nam, Y .-G. Lee, J.-G. Lee, A. R.
b. Mohd Yusoff, and J. Jang, "Solution processed encapsulation for organic
photovoltaics," Solar Energy Materials and Solar Cells, vol. 111, pp. 97-101, 2013.

N. Kim and S. Graham, "Development of highly flexible and ultra-low permeation rate
thin-film barrier structure for organic electronics," Thin Solid Films, 2013.

E. Cuddihy, C. Coulbert, A. Gupta, and R. Liang, "Electricity from photovoltaic solar
cells: Flat-Plate Solar Array Project final report. Volume VII: Module encapsulation,"
Jet Propulsion Laboratory, 1986.

N. Kim, "Fabrication and characterization of thin-film encapsulation for organic
electronics,” PhD Dissertation, Mechanical Engineering, Georgia Institute of
Technology, Georgia, 2009.

H. Spanggaard and F. C. Krebs, "A brief history of the development of organic and
polymeric photovoltaics," Solar Energy Materials and Solar Cells, vol. 83, pp. 125-
146,2004.

S. E. Shaheen, D. S. Ginley, and G. E. Jabbour, "Organic-Based Photovoltaics: Toward
Low-Cost Power Generation," MRS Bulletin, vol. 30, pp. 10-19, 2005.

S. R. Forrest, "The path to ubiquitous and low-cost organic electronic appliances on
plastic," Nature, vol. 428, pp. 911-918, 2004.

K. Vasilev, S. S. Griesser, and H. J. Griesser, "Antibacterial Surfaces and Coatings
Produced by Plasma Techniques," Plasma Processes and Polymers, vol. 8, pp. 1010-
1023, 2011.

K. Ostrikov, E. C. Neyts, and M. Meyyappan, "Plasma nanoscience: from nano-solids
in plasmas to nano-plasmas in solids," Advances in Physics, vol. 62, pp. 113-224,2013.
A. Michelmore, C. Charles, R. W. Boswell, R. D. Short, and J. D. Whittle, "Defining
Plasma Polymerization: New Insight Into What We Should Be Measuring," ACS
Applied Materials & Interfaces, vol. 5, pp. 5387-5391, 2013.

M. J. Rahman and A. H. Bhuiyan, "Structural and optical properties of plasma
polymerized o-methoxyaniline thin films," Thin Solid Films, vol. 534, pp. 132-136,
2013.

130



[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

(32]

[33]

M. V. Jacob, C. D. Easton, G. S. Woods, and C. C. Berndt, "Fabrication of a novel
organic polymer thin film," Thin Solid Films, vol. 516, pp. 3884-3887, 2008.

M. V. Jacob, N. S. Olsen, L. Anderson, K. Bazaka, and R. A. Shanks, "Plasma
polymerised thin films for flexible electronic applications," Thin Solid Films, vol. 546,
pp- 167-170.

K. Bazaka and M. V. Jacob, "Nanotribological and nanomechanical properties of
plasma-polymerized polyterpenol thin films," Journal of Materials Research, vol. 26,
pp- 2952-2961,2011.

K. Bazaka, M. V. Jacob, and B. F. Bowden, "Optical and chemical properties of
polyterpenol thin films deposited via plasma-enhanced chemical vapor deposition,"
Journal of Materials Research, vol. 26, pp. 1018-1025,2011.

Q. F. Xu, J. N. Wang, and K. D. Sanderson, "Organic-Inorganic Composite
Nanocoatings with Superhydrophobicity, Good Transparency, and Thermal Stability,"
ACS Nano, vol. 4, pp. 2201-2209, 2010.

M. Berggren and A. Richter-Dahlfors, "Organic bioelectronics," Advanced Materials,
vol. 19, pp. 3201-3213, 2007.

W. C. Oliver and G. M. Pharr, "An improved technique for determining hardness and
elastic modulus using load and displacement sensing indentation experiments," Journal
of Materials Research, vol. 7, pp. 1564-1583, 1992.

K. Bazaka and M. V. Jacob, "Synthesis of radio frequency plasma polymerized non-
synthetic Terpinen-4-ol thin films," Materials Letters, vol. 63, pp. 1594-1597, 2009.

L. Anderson, M. Jacob, M. Barra, F. Di Girolamo, and A. Cassinese, "Effect of a
plasma polymerised linalyl acetate dielectric on the optical and morphological
properties of an n-type organic semiconductor," Applied Physics A: Materials Science
& Processing, vol. 105, pp. 95-102, 2011.

M. C. Kim, S. H. Cho, J. G. Han, B. Y. Hong, Y. J. Kim, S. H. Yang, and J. H. Boo,
"High-rate deposition of plasma polymerized thin films using PECVD method and
characterization of their optical properties," Surface and Coatings Technology, vol.
169-170, pp. 595-599, 2003.

L.J. Anderson and M. V. Jacob, "Effect of RF power on the optical and morphological
properties of RF plasma polymerised linalyl acetate thin films," Applied Surface
Science, vol. 256, pp. 3293-3298, 2010.

P. Pilla, A. Iadicicco, L. Contessa, S. Campopiano, A. Cutolo, M. Giordano, G. Guerra,
and A. Cusano, "Optical chemo-sensor based on long period gratings coated with
&delta; form syndiotactic polystyrene," Photonics Technology Letters, IEEE, vol. 17,
pp. 1713-1715,2005.

131



[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

J.-g. Liu and M. Ueda, "High refractive index polymers: fundamental research and
practical applications," Journal of Materials Chemistry, vol. 19, pp. 8907-8919, 2009.
J. O. Enlow, H. Jiang, J. T. Grant, K. Eyink, W. Su, and T. J. Bunning, "Plasma
polymerized ferrocene films," Polymer, vol. 49, pp. 4042-4045,2008.

T. Okubot, S. Kohmoto, and M. Yamamoto, "Optical polymer having a high refractive
index and high abbe number prepared by radical polymerization using 2,5-BiS(2-Thia-
3-Butenyl)-14-Dithiane," Journal of Macromolecular Science, Part A, vol. 35, pp.
1819-1834,1998/11/01 1998.

H. Dislich, "Plastics as optical materials," Angewandte Chemie International Edition in
English, vol. 18, pp. 49-59, 1979.

J. F. Gaynor and S. B. Desu, "Optical properties of polymeric thin films grown by
chemical vapor deposition," Journal of Materials Research, vol. 11, pp. 236-242, 1996.
Z.7Z.You and G. J. Hua, "Refractive index, optical bandgap and oscillator parameters
of organic films deposited by vacuum evaporation technique," Vacuum, vol. 83, pp.
984-988,2009.

S. E. Fritz, T. W. Kelley, and C. D. Frisbie, "Effect of dielectric roughness on
performance of pentacene TFTs and restoration of performance with a polymeric
smoothing layer," The Journal of Physical Chemistry B, vol. 109, pp. 10574-10577,
2005.

X. Hu, X. Zhao, A. Uddin, and C. B. Lee, "Preparation, characterization and electronic
and optical properties of plasma-polymerized nitriles," Thin Solid Films, vol. 477, pp.
81-87,2005.

C.-L. Tien, Y.-R. Lyu, and S.-S. Jyu, "Surface flatness of optical thin films evaluated by
gray level co-occurrence matrix and entropy," Applied Surface Science, vol. 254, pp.
4762-4767,2008.

E. E. Johnston and B. D. Ratner, "Surface characterization of plasma deposited organic
thin films," Journal of Electron Spectroscopy and Related Phenomena, vol. 81, pp. 303-
317, 1996.

R. N. Wenzel, "Resistance of solid surfaces to wetting by water " Industrial &
Engineering Chemistry, vol. 28, pp. 988-994, 1936.

F. F. Shi, "Recent advances in polymer thin films prepared by plasma polymerization
Synthesis, structural characterization, properties and applications," Surface and
Coatings Technology, vol. 82, pp. 1-15, 1996.

S. J. Bull, "Nanoindentation of coatings," Journal of Physics D: Applied Physics, vol.
38, p. R393, 2005.

132



[47]

(48]

[49]

A. M. Korsunsky and A. Constantinescu, "The influence of indenter bluntness on the
apparent contact stiffness of thin coatings," Thin Solid Films, vol. 517, pp. 4835-4844,
2009.

M. Zhao, Y. Xiang, J. Xu, N. Ogasawara, N. Chiba, and X. Chen, "Determining
mechanical properties of thin films from the loading curve of nanoindentation testing,"
Thin Solid Films, vol. 516, pp. 7571-7580, 2008.

R. Tarefder and H. Faisal, "Effects of dwell time and loading rate on the

nanoindentation behavior of asphaltic materials,

Micromechanics, vol. 3, pp. 17-23,2013.

Journal of Nanomechanics and

133



CHAPTER VI

WETTING, SOLUBILITY AND CHEMICAL CHARACTERIZATION

The goal of this chapter is to undertake a detailed study of the surface energy, wettability and
solubility characteristics of pp—GT thin films when in contact with common processing
solvents. In this chapter we examine, by means of a sessile drop CA measurement, the
wettability of a wide range of practically relevant solvents on pp—GT thin films fabricated at a
range of RF deposition powers. From these data, surface energies and solubility behaviors are
extracted. The wettability is correlated with the elemental composition of the film’s surface
determined using FTIR and XPS analysis. The outcomes of these studies are reported in J.
Ahmad, K. Bazaka, M. Oelgeméller, and M. V. Jacob, "Wetting, solubility and chemical
characteristics of plasma polymerized I-isopropyl-4-methyl-1,4-cyclohexadiene thin films,"

Coatings, vol. 4, pp. 527-552, 2014.
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WETTING, SOLUBILITY AND CHEMICAL CHARACTERISTICS OF PLASMA-
POLYMERIZED 1-ISOPROPYL-4-METHYL-1, 4-CYCLOHEXADIENE THIN FILMS

Organic thin film materials have many potential and implemented applications, from
biocompatible and antifouling coatings in medical devices to protective coatings, waveguides
and component materials in optoelectronic devices, such as flexible organic electroluminescent
devices (OLED), OPV and organic thin film transistors (OTFT) [1-6]. The motivation for using
organic materials stems from their chemical versatility, low cost, low temperature fabrication
and ability for reel-to-reel printing, as well as mechanical flexibility [1]. The attractive synthetic
and processing flexibility of organic materials allows for fine tuning of their properties to
achieve a desired combination of optoelectronic, physicochemical, mechanical and biological
characteristics, and controlling the manner in which these materials interact with relevant
liquids [7]. The latter is an important aspect for optoelectronics and biomedical applications
alike. Solution processing of electronic circuits demands dielectric interlayer stability in organic
solvents and strong interfacial adhesion, while the susceptibility of the coating to the uptake of
moisture is critical for OPV encapsulation applications. Surface wetting by physiological fluids
is a key determinant of biocompatibility and degradation under in vitro and in vivo conditions
[1, 8]. The surface-solvent kinetics and ensuing degradation of organic materials under aqueous
conditions is an important consideration for biodegradable and compostable electronics, where

it would affect both operational performance and the physical transience of the device [9].

One of the key predictors of surface-solvent interactions, the wetting behavior at polymer
surfaces and interfaces, is dependent on the nature of the variable length of polymer chains,
density fluctuations and the relatively slow motion of the long chain molecules [10]. CA
analysis is typically used to obtain primary data from which the degree of wettability for a
specific solid-liquid combination can be inferred [7, 11], with lower CAs indicating better
wetting compared to larger CAs. This analysis also provides indirect information about the
structure of the film matrix, where observed changes to 0 at the liquid/solid interface are
attributed to specific solid-liquid interaction mechanisms, such as absorption, spreading and
swelling [12]. Fundamentally, wettability is affected by the chemical composition, topography,
rigidity and homogeneity of the surfaces. The chemical composition of the surface determines
its surface energy: whereas surfaces rich in non-polar groups (e.g., -CH,, with x = 1-3) have
low surface energies and, thus, are hydrophobic, surfaces with a high density of polar groups
(e.g., —-OH or —C=0) exhibit high surface energies and are hydrophilic [13]. With regard to
surface topography, an increase in the surface roughness enhances the surface hydrophilicity of
hydrophilic materials and hydrophobicity in the case of hydrophobic surfaces [14]. The micro-

and nano-scale variations in the slope on the surface are believed to create physical barriers that
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directly affect the motion of the contact line, thus affecting CAs observed at the macro scale. In
a similar way, distinct domains of chemically heterogeneous surfaces, e.g., those with higher
hydrophobicity, are thought to interfere with the motion of the contact angle by hindering the
advancement or contraction of the water front and, thus, increasing or decreasing the observed
CA. Several models propose a relationship between the measured CAs of a given non-ideal
surface and its flat, homogenous counterpart of the same composition, among them Wenzel and
Cassie-Baxter models [15, 16]. In the Wenzel model, the liquid is assumed to be in contact with
all of the parts of the irregular surface and is typically applied to chemically homogenous
surfaces, whereas the Cassie-Baxter model places the drop on the surface protrusions without
wetting the entire surface and is believed to be more appropriate for chemically heterogeneous

surfaces.

Recently, growing interest in environmentally-friendly technologies has led to the exploration
of a number of alternative organic source materials, e.g., unprocessed raw agricultural, food and
waste substances [17], and energy-efficient green fabrication methodologies, e.g., plasma-
assisted nanofabrication [18, 19]. The key driver of this research therefore rests in the need to
support robust and sustainable economic and societal development, which, in practical terms,
means the development of materials and technologies that are cheaper, more efficient and can
address the objectives of modern societies in an environmentally sustainable fashion. Most of
the existing chemical synthesis processes used for the fabrication of electronics device
components are energy-inefficient and require multi-step processing and the use of hazardous
auxiliary substances, such as organic solvents and catalysts [20]. These synthesis routes often
rely on expensive and/or toxic, high purity, non-renewable materials [1]. In addition to using
hazardous materials, modern electronic devices also use valuable and scarce materials, the
availability of some of which (e.g., gallium, indium, efc.) is reducing at a high rate [1]. At the
same time, only a limited portion of high-tech waste is recycled, with the bulk of the waste
being deposited into landfills, where it slowly degrades, leaching out potentially harmful by-
products. By using minimally processed, renewable natural resources, such as non-
petrochemical oils, e.g., essential oils, and highly reactive non-equilibrium dry plasma-based
chemistry, it is possible to lower the environmental footprint and the economic costs of organic
electronics and other such technologies throughout their lifecycle, from their fabrication to their

use and disposal [21].

Essential oils are volatile aromatic compounds that are widely used in pharmacological,
perfumery and culinary preparations for their aromatic and medicinal properties. Their
availability in commercial quantities, relative low-cost, renewable nature and minimal toxicity

makes them a suitable precursor for “green” functional materials [22]. As a volatile material,
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essential oil is well suited to chemical vapour deposition (CVD), as no carrier gas is required to
deliver the monomer into the polymerization chamber. Using plasma as a catalyst, the oils can
be converted into functional polymer thin films in a one-step process at room temperature,
without the need for pre- or post-processing, e.g., annealing, or catalysts. Unlike most plasma
deposited films, plasma polymers of essential oils are optically transparent and smooth. Over
the last few years, thin films from lavender and tea tree essential oils have been developed and
identified as promising candidates for applications in electronics, as dielectric and encapsulation
layers [23-27]. Plasma polymers of terpinen-4-ol also display a valuable and rare electron
blocking hole-transporting property that is very attractive for OLEDs [27]. Versatile biological
activity, including antibacterial activity against drug-resistant strains of Staphylococcus,
Streptococcus and Candida species, also makes essential oils an attractive candidate for the
fabrication of antibacterial and biocompatible implantable systems, including implantable

electronics [28].

This chapter focuses on the wetting, solubility and chemical characteristics of these films and the
compatibility of the material with solvents typically utilized in the manufacturing of organic
electronic devices, with the intention to use these films in OPVs, especially as encapsulation

coatings and insulating layers in flexible electronics.

VI.1 EXPERIMENTAL
VI.1.1 PREPARATION OF THIN FILMS

Thin film samples were deposited on high quality glass microscope slides using a custom-made
RF polymerization chamber, 0.75 m in length with an inner diameter of 0.055 m (volume of
0.0035 m’). RF power is delivered to the system via an ENI RF generator at 13.56 MHz through
a matching network and capacitively coupled copper electrodes. The copper electrodes were
placed 0.11 m from the monomer inlet and 0.1 m apart, with the active electrode closest to the
monomer inlet. The electrode configuration used was based on the uniformity of the RF
discharge it produced and the corresponding uniformity of resulting thin films for the particular

reaction chamber utilized throughout this work.

Prior to deposition, the substrates were thoroughly washed in extran, cleaned ultrasonically in
water, rinsed in isopropanol and distilled water, air dried and placed in the reaction chamber.
For each deposition, 5 mL of y-terpinene (GT) monomer was used. The chamber was evacuated
to a pressure of ~100 mTorr, at which stage the monomer inlet was opened to allow the
monomer to evaporate. Argon gas was then used to flush the chamber for 1 min at a pressure of

1000 mTorr to remove residual background gas and ensure an oxygen-free surface. The
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chamber was then evacuated to 100 mTorr, at which stage the monomer inlet was closed, and
RF glow (10, 25, 50 and 75 W) was initiated. The monomer-free plasma state was maintained
for 2 min to stabilize the pressure, as well as to etch potential residual contaminants from the
surface of the substrate. Once the pressure had reached 150 mTorr, the monomer inlet was
opened, beginning the deposition. The flow rate was controlled via a vacuum stopcock and was
estimated to be 1.57 cm’/min by employing the procedure outlined by Gengenbach and Griesser
[29].

Following the aforementioned experimental procedure, plasma polymer thin films were
fabricated from y-terpinene (GT) monomer (Figure VI.1) at various RF power levels (10, 25, 50
and 75 W) and an ambient temperature of 20 °C. pp—GT thin-films were examined over the
wavelength range 190-1000 nm using a variable angle spectroscopic ellipsometer (model M-
2000, J.A. Woollam Co., Inc., Lincoln, NE, USA). Ellipsometric parameters ¥ and A were
obtained at three different angles of incidence, ¢ = 55°, 60° and 65°. In addition, the
transmission data were also collected. ¥ and A were used to derive the optical constants based
on a multilayer model consisting of a previously modelled substrate and Cauchy layer built in
the J.A. Woollam Inc. analysis software (WVASE32) [30] via regression analysis. The quality
of the fit was measured quantitatively by determining the mean-squared error and through the
use of the correlation matrix. Gaussian oscillators were employed within the model to provide
an optimal fit of the data, with a lower mean square error and lower average correlation between
fitting terms. A more detailed review of the procedure has been reported elsewhere [31].
Samples for Fourier transform infrared (FTIR) and CA measurements were deposited for 30
min to obtain films of ~700 nm thickness. Depositions were performed for 45 min to obtain

films of ~1 pm for atomic force microscope (AFM) measurements.

\ }01

Figure VI.1. Conformers of 1-isopropyl-4-methyl-14-cyclohexadiene resulting from the
rotation about the C’—C" bond, adapted from [32]

VI.1.2 CHEMICAL CHARACTERIZATION
The surface chemistry of the deposited samples was analysed by XPS on a SPECS SAGE XPS

system equipped with a Phoibos 150 hemispherical analyser and an MCD-9 detector. The

background pressure was held at 2 x 107 Pa during experiments. For wide scan spectra and
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high resolution scans of the C 1s peak, an Mg Ka X-ray source was used (hv = 1,253.6 eV),
operated at 10 kV and 20 mA (200 W). Measurements were performed with pass energy of 100
eV, and 0.5 eV energy steps were used for wide scan spectra, while 20 eV pass energy and 0.1
eV energy steps were used for high resolution scans. Spectra were analysed using CasaXPS
(Case Software Ltd, Teignmouth, UK). Synthetic peaks were fitted to the C 1s envelops
following the methodology of Beamson and Briggs [33] with the spectra correction for charging
effects during analysis using a reference value of 285 eV, the binding energy of the C-C
component from neutral hydrocarbon [34]. The analysis area was circular with a diameter Of
Smm, and spectra were acquired at a take-off angle of 90°. The full width at half maximum

(FWHM) of the C 1s synthetic peaks remained constant at 1.5 eV.

FTIR spectroscopy was also carried out for the chemical characterization of the y-terpinene
monomer and the pp—GT thin films using a Perkin Elmer Spectrum 100 FTIR spectrometer.
Spectra were obtained in transmission mode in the region of 4000-500 cm™', where 32 scans
were acquired for each sample at a resolution of 1 c¢m™'. Contributions from CO; and H,O were
eliminated from the spectra by a background subtraction procedure, where the background was

pre-recorded under the same atmospheric conditions.

VI.1.3 CONTACT ANGLE (CA) MEASUREMENTS

Static and dynamic CAs (using water, diiodomethane (DIM) and ethylene glycol (EG) as
probing liquids) of pp—GT thin films are measured. Static CAs are commonly used in
calculations of surface tension parameters. However, they may not provide a reliable description
of a non-ideal surface, i.e., that is chemically and/or morphologically heterogeneous. Plasma-
modified and plasma-polymerized surfaces are often characterized by both chemical and
morphological heterogeneity [35]. Non-ideal surfaces typically display hysteresis, which can be

estimated by measuring advancing and receding CAs.

CA measurements were performed using a KSV 101 system and a micrometre syringe with a
narrow diameter stainless steel needle. The static CA was measured by the sessile drop method,
whereby a drop of probing liquid was gently placed onto the thin film surface. The apex of each
drop was confirmed using a CCD camera prior to each measurement to ensure consistency in
drop volume (8 pL). The evolution of the CA (0, the angle between the baseline of the drop and
the tangent at the drop boundary), the droplet volume (V, pL), the droplet surface area (A, mm?),
the droplet height (2, mm) and the droplet basal diameter (2r, mm) were monitored using a
software-assisted image-processing procedure. The reported values are an average of a

minimum of seven measurements taken for each examined surface.
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Advancing and receding CAs were measured using the dynamic sessile drop technique. First, a
sessile drop of probe liquid of known volume was placed on the surface of the sample, ensuring
that the needle remained in the drop during the measurement to avoid undesired vibration. The
drop was then modified by slowly adding volume, with the advancing angle estimated as the
largest contact angle possible without increasing its solid/liquid interfacial area. The receding
angle was estimated as the minimum possible angle that can be achieved by slowly removing
the probe liquid from the drop without decreasing the drop’s contact area. Both the advancing
and receding angle were estimated as the average of the angles on both sides of the drop profile.
CA hysteresis (CAH) was estimated as the difference between the advancing and receding

angle.

The presence of the needle is known to distort the contour line of the drop, due to the
interactions between the surface of the needle and the liquid with the drop. The distortion of the
drop shape is more prominent in the case of receding angles, where the needle’s receding angle

tends to pull the drop up around the needle. This distortion may result in significant errors [36].

VI.14 SURFACE FREE ENERGY ANALYSIS

There are several widely applied approaches for the determination of the solid surface free
energy and its components from CA measurements [37]. Most theories of solid surface energy
have a basis in Young’s equation that employs the equilibrium CA, where the solid is
considered close to ideal. The ideal surface is one that is chemically and morphologically

homogenous, and thus, CAH is assumed to be absent or negligible.

For the non-ideal surfaces that are chemically and morphologically inhomogeneous, with a
measurable, substantial CAH, the apparent surface free energy ysy and other interfacial
interaction parameters, adhesive film tension /7, work of adhesion W, and work of spreading
Ws, can be derived from the CAH approach developed by Chibowski [40] with only three
measurable quantities: the surface tension of the probe liquid y;y and its advancing 6, and
receding 0z CA hysteresis (CAH = 0, — 0g). The solid surface free energy ysr can be expressed
by the following relation [38]:

Ysr = Ysv + 11 (VL1)

[T = y1y(cosBr — cosB,) (V1.2)

The apparent, total surface free energy of a solid ysy (= ysg) can be expressed as [38]:
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_ M(1+cosB,)?
T (14c0sOR)2—(1+c0s0,4)?

Ysv (VL3)

CAH can be related to the work of spreading Wy of liquid on the polymer surface. Wy is
a thermodynamic quantity that relates the wettability to the mechanical strength of adhesion. It
enables one to characterize the competition between solid-liquid adhesions with different
liquids [37]. Wscan be easily calculated from the work of adhesion W, and the work of cohesion

WC:
Ws = WA - WC (VI4)
where Wy = vy (1 + cos0,) and W = 2y.v [39].

For surfaces that are chemically heterogeneous, but very smooth, the experimentally observed
advancing CA, 6, might be expected to be a good approximation of Young’s CA, 6y, whereas
the experimental receding angle, g, is expected to have less reproducibility, due to liquid
sorption or solid swelling [36]. With the assumption of 0, = 0y = 0, the surface free energy can
be calculated by means of the van Oss’ adaptation of Young’s theory [39, 40]. The quantitative
determination of all of the surface thermodynamic properties of the polymer coatings was

performed using the Young-Dupré equation [40]:

(1 + cos 0,y = 2( [YEWvEW + Vvd v +Vvsvi) (VLS)

where 6, is the advancing CA (°), y; is the surface tension (SFT) of the liquid in contact with the
solid surface (mJ/m?), yEW is the apolar component (Lifshitz—van der Waals [LW]) of the SFT
of the liquid (mJ/m®), y; is the electron-acceptor parameter of the polar component (acid—base
[AB]) of the liquid (mJ/m?), y is the electron-donor parameter of the polar component (AB) of
the liquid (mJ/m?), yXW is the apolar component (LW) of the surface energy of the solid
(mJ/m?), y& is the electron-acceptor parameter of the polar component (AB) of the solid
(mJ/m®) and y; is the electron-donor parameter of the polar component (AB) of the solid

(mJ/m?).

The interface interaction of the polymer and the solvent is determined from their interfacial

tension y;, using the following equation [40]:
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AGp =2y, (VL.6)

where 4Gj,; is the free energy change. In the case of two completely miscible substances,
where the interfacial tension cannot be measured directly, y;, can be calculated using the

following equation:

iz = (v = 8" +2G/viv +Vvivz —Vviv: — Vi) (VL7)

In case of two completely immiscible substances (or any given solid-liquid system), the

interfacial tension can be derived directly from the measured contact angle 6:

YsL = Ys — Y1 cosb (VL8)
There are several other methods for obtaining surface tension values; however, the
appropriateness of these methods for the probing of particular polymer/solvent combinations

remains a subject of debate [41-43]. Fowkes [44] and Neumann’s [41, 45] approaches were

chosen in this study to provide a basis for comparison.
Fowkes method is commonly used for the determination of the surface free energy of polymeric
materials [46]. Two-phase systems are investigated that contain a substance (solid or liquid) in

which only the dispersion interactions appear. Considering such systems, Fowkes determined

the surface free energy corresponding to the solid-liquid interface using the following equation

[46]:

Ysi = Vs + v — 2(v§Wyp)0s (V19)

According to Fowkes [47, 48], the combination of Eq. VI.8 and VI.9 yields the formula that

enables one to calculate the surface free energy of a solid for which yg = y5W is valid [46]:
¥s =v5" = Yi(1 + cos®)?/4yi" (VL10)
If the measuring liquid is a dispersive one (y;, = y£W), Eq. VI.10 simplifies to:

vs = viW = 0.25y,(1 + cos6)? (VL.11)
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To determine ys of any solid, the CA for the solid is measured using the dispersion liquid.

Then, y:" is calculated from Eq. VI.11. Next, the CA (6p) is measured using a liquid for

which yp, = ykw + y‘f‘B. The y&2 can be estimated using [46]:

0.5
vs® = [0.5yL (1 + cos®y,) — (vs"vi™) 12 /vi® (VL12)

Fowkes method is based on the independence and additivity of the dispersion and polar
interactions [46]. On the other hand, Neumann’s approach derives the SFT from a purely
thermodynamic point of view and, therefore, neglects the molecular origins of SFT [7].
However, this is the only theory that allows the calculations to be done by using just one
probing liquid. The following equation provides a method for calculating the surface energy of

a solid from a single CA value [41, 45]:
cosf = —1 +2 \/% e BrL-vs)* (VL13)
L

where £ is an experimentally-derived constant ( ~0.0001247) [45].

VI.1.5 DETERMINATION OF ROUGHNESS AND WETTING BEHAVIOR OF
SURFACES

To analyse the effect of surface roughness on the wetting properties of the pp—GT thin films, the
polymer was deposited on glass, silicon (Si), silicon dioxide (SiO,) and indium tin oxide (ITO)
substrates using RF plasma polymerization at 75 W RF power. The surface morphology and
roughness parameters of the films were determined from AFM images acquired on a NT-MDT
NTEGRA Prima AFM operating in semi-contact (tapping) mode, using (NSC05, NT-MDT)
cantilevers with a spring constant of 11 N/m, a tip radius of curvature of 10 nm, an aspect ratio
of 10:1 and a resonance frequency of 150 KHz. 3D interactive visualization and statistical
approximation was used to analyse the topographic profiles of the surfaces. Scanning was
performed perpendicular to the axis of the cantilever at a rate of typically 1 Hz, with scan areas

of 1 um x 1 um, 10 pm x 10 pm and 50 pm x 50 pm.
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VI.2 RESULTS AND DISCUSSION
VI.2.1 XPS ANALYSIS OF pp-GT FILMS
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Figure VI.2. Wide scan of XPS spectrum collected for pp—GT thin films fabricated at 10, 25

and 50W
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Post deposition, pp—GT thin films were analyzed by XPS to relate the results obtained from the
mass spectroscopy of the plasma phase to the properties of the deposits. This elemental analysis
confirmed that carbon and oxygen dominated the surface of the films with Si, Zn, P and Na
present in trace amounts (Figure VI.2). Experimental core binding energies are presented in
Table VI.1. Table VI.2 present the ratio of C—C and C-O in films deposited using different RF
powers. The results indicate that the oxygen content significantly decreases from 11.8 to 2.1%
while the carbon fraction increases from 88.2 to 97.8% when RF deposition power is increased
from 10 to 50 W. Previous investigations also showed the similar trend, with films becoming
more hydrophobic and thus less wettable [49]. Mass spectroscopy data reveals that some
oxygen-contaminated peaks such a C;HsO (m/z 57), CH,0; (m/z 64), CH,(CH,OH), (m/z 76)
etc. in the mass spectra decrease with increase of RF power. XPS spectra thus confirmed the
hydrocarbon-rich nature of pp—GT film surfaces that is dissimilar to the original y-terpinene

monomer observed from Fourier transform infrared spectroscopy (FTIR) data [49].

This is in agreement with the mass spectroscopy observations that show decreased intensity of
oxygen related peaks with increasing RF power. The low oxygen content of pp—GT might be
attributed to the process used to minimize post-plasma reactions with the atmosphere. The -
terpinene vapor was allowed to continue flowing through the plasma reactor for some time after
the plasma had been extinguished. The rationale behind this procedure was that it would allow
many of the active sites in the plasma polymer to decay or to react with the y-terpinene before
the polymer was exposed to the atmosphere. Alternatively, the low acceleration of the ions
(Figure IV .2), particularly at high RF power, might account for the low level of oxygen uptake

observed.

Table VI.1. Comparison of elemental composition of y-terpinene monomer (thin film

under 10W RF power)

Element Level BE (eV) (experimental)

C KVV 99593
(0] KLL 768.93
0] KLL 74793
o Is 532.93
C Is 284.43
Zn LMM 261.82
Si 2s 15743
Zn 3s 138.43
Si 2p 10543
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Table VI.2. Results of C 1s level fitting for pp—GT at different RF powers
RF Power, W [C]% [O]% O/C [CC]% [C-O]%

10 882 118 0.13 91.1 89
25 947 53 0.06 93 7
50 978 2.1 0.02 95.74 43

Contaminations originating from the Si substrate and ambient air were determined to be the
most likely contributors of Si, Zn, P and Na. LMM auger peak at 261.82 eV with 3s peak at
138.43 eV and 3p peak at 88.51 confirms the presence of Zn in trace amount on the pp—GT
surface. This Zn 3s peak is mixed up with the Phosphorous (P) 2p peak at 136 eV (2p). P 2s
peak at 189.06 is also observed on the pp—GT XPS spectra. Na KLL auger peak is found at
278.62 eV with 2s and 2p peaks present at 63.01 eV and 31.42 eV respectively. The high-
resolution XPS Cls spectrum appears to be comprised of contributions from carbon atoms in at
least two bonding environments (Figure VI.3) with the most prominent peaks attributable to C—
C species (BE ) 285.0 eV. The peak at binding energy 286.5 was assigned to functional group

with increasing bonding to oxygen, namely, C—O species.
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Figure VI.3. XPS C 1s spectrum and O 1s spectrum for films fabricated at 10W, 25W and 50W

The evolution of O 1s spectrum upon increasing RF deposition power is shown in Figure VI.3.
pp—GT polymer O 1s signal is positioned at ~532.5 eV: upon increasing RF deposition power,
the O 1s signal seems to be broadened and gradually shifts to higher binding energy. This is
similar to the O 1s spectrum evolution of the n-conjugated polymer phenylacetylene para-nitro
phenylacetylene (P(PA-pNO,PA)) where the broad O 1s signals was resolved into two peaks
[50]. The asymmetry and width of the O 1s spectrum for pp—GT (full width at half maximum
(FWHM) is ~1.6eV) suggest that it is also made up of contributions from more than one
chemical state of the element (Figure VI.3) [51]. However, the spectrum appears as a single
peak, with no obvious fine structure to assist fitting. Almost all of the contributions are likely to

come from the various functional groups containing oxygen bonded to carbon [52], but there is
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a great deal of overlap in the O 1s binding energies reported for these species. The Si 2p
spectrum contains contributions from a single Si species at binding energy 105.43 eV, which is

within the range observed for Si atoms bonded to O.

VI.2.2 FTIR ANALYSIS OF pp-GT FILMS

The monomer, 1-isopropyl-4-methyl-14-cyclohexadiene (CjoHjs), belongs to the group of
monocyclic terpinenes commonly designated as monoterpenes. It contains two double bonds in

its ring-structure, which are not conjugated (1,4-diene group).

Due to the highly unsaturated nature of cyclohexa-14-diene with its 4 sp’ carbon atoms, y-
terpinene is considered almost planar. The molecular structure is characterized by one
conformationally relevant internal rotation axis (C'=C"), which allows for the formation of various
conformations (Figure VI.1). Density functional theory (DFT) calculations conducted by Marzec
and co-workers led to the identification of three minima on the molecule’s potential energy
surface [32]. According to the orientation of the C’-C'-C'-H’ dihedral angle (o), the
conformers were named trans, gauche+ and gauche—. The gauche+ (o = 47.5°) and gauche— (o
= —47.5°) conformers (C,) are mirror images, while the trans-like (o = 180.0°) conformer has C,
symmetry. Since different conformations characterize the amount and type of contact between
adjacent atoms or groups, these data are important for defining the macroscopic properties of

the material.

The IR spectra of the monomer, 1-isopropyl-4-methyl-1,4-cyclohexadiene, and the various pp—
GT thin films are shown in Figure VI.4. Characteristic IR vibrations are summarized in Table
VI.3. For the monomer, multiple C—H stretching vibrations were found as a strong signal
between 2818 and 2960 cm™', whereas the corresponding C-H bending vibrations appeared as
broad signals and with weak to medium intensities in the range of 1300 to 1466 cm™,
confirming the population of various conformers [32]. The stretching vibrations of the C-C
bonds were observed in the fingerprint region below 1200 cm™. In contrast, no clear stretching
vibrations of the C=C bonds could be observed. The data collected was in agreement with some
previous publications reporting the interpretation of vibrational spectra of 1-isopropyl-4-methyl-
1.4-cyclohexadiene [53, 54]. Comparing the IR spectra for the pp—GT thin films with that of the
monomer, it is evident that the number of absorption frequencies in the spectra has reduced
significantly upon polymerization, particularly in the fingerprint region of the spectrum (1500
cm™' and below). Peaks also broadened for the pp—GT thin films, indicating very high degrees
of polymerization. This is further supported by the disappearance of the =C—H vibration at 3088

cm™,
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Electron-generated dissociation of GT monomer (rather than thermally excited or by direct
chemical reaction) forces the input RF power to strongly affect the nature of the chemically-
reactive species that engage in polymerization and film formation. Considering the bond
strengths for 1-isopropyl-4-methyl-1.4-cyclohexadiene, the C—C single bonds are likely to
dissociate first to form reactive fragments. Dissociation of higher energy bonds will occur when
RF power is increased, and hence, the resultant fragmentation of the precursor molecule and
subsequent crosslinking will increase. The double bonds in 1-isopropyl-4-methyl-1.4-
cyclohexadiene are likely to undergo saturation through a reaction with these reactive
fragments. Furthermore, the temperature of the substrate will also increase as a result of the
exposure of the substrate to a large amount of energy. This will result in a reduction in the

retention of the original precursor moieties [55].
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Figure VI.4. FTIR spectra (% transmittance vs. wavenumber, cm™') for y-terpinene monomer

and pp—GT thin films

Table VI.3. FTIR assignments for y-terpinene monomer and plasma polymerized y-

terpinene (pp—GT) films, adapted from [56]

Group Frequency, cm™

Assignment

Monomer pp-GT Films
v (OH) of water absent 3416 (medium to weak)
v (=C-H) 3088 (weak) absent

v (C-H) 2818-2960 (medium to strong)  2872-2960 (strong)




v (C=0) absent 1707 (medium to weak, broad)

6 (C-H) 1300-1466 (medium to weak) 1377, 1456 (medium, broad)
v(C-C) 947-1161 (strong to weak) unresolved or absent
o (C-H) 781 (strong), 815 (medium) 815 (medium to absent)

Vibrational modes: v = stretching, 8 = bending, ® = out of plane bending.

A broad absorbance band emerged at 3416 cm™ (Figure VI.4) in the pp—GT spectrum that is
considered to be the O—H stretching vibration of residual water. This is further supported by the
absence of a C-O vibration. The infrared band associated with C-H stretching vibrations
observed for the monomer also remained for the polymeric films; their intensity broadened, thus
suggesting high degrees of cross-linking. Absorptions corresponding to C—H bending vibrations
(between 1300 and 1466 cm™) decreased in magnitude and broadened with higher input RF
power. Likewise, skeletal C—C vibrations between 947 and 1161 cm™ vanished completely. A
peak emerged at 1707 cm™, indicating the presence of carbonyl groups (C=0 stretch), which
were presumably formed from the reactions of radical intermediates with residual molecular
oxygen and subsequent decompositions. The peak, however, decreased and eventually almost
disappeared with higher RF power, possibly due to increased fragmentations and combinations
of the carbon skeleton under these extreme conditions. The presence of C=0O bonds in the
polymer films obtained at lower powers aligns with the differences in the properties of these
materials. In general, polymer materials containing C=0 (and —OH) groups are characterized by
a high-dielectric constant, because of their high polarizability [56] and lower hydrophobicity. In
addition, these polymers are likely to be more unstable (chemically and mechanically)
compared to hydrocarbon polymers, as C=0 (and —OH) bonds allow increased interactions with
polar solvents. The CA investigations in this study revealed that pp—GT films deposited at lower
RF power were indeed less stable when in contact with common processing solvents, such as
acetone or alcohol. The reduction or complete disappearance of the C=O moiety renders pp—GT

more stable.

The FTIR findings are consistent with the results of elemental analysis (X-ray photoelectron
spectroscopy (XPS)) of pp—GT thin films deposited at various RF power levels. The oxygen
content significantly decreased, while the carbon fraction increased with RF deposition power
increasing from 10 to 50 W (Table VI.2). This result showed a substantial reduction in
magnitude of the H-bonded O-H stretch-related band for pp—GT fabricated under higher RF

power conditions.
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VI.2.3 CONTACT ANGLE (CA) AND WETTABILITY

A CAH approach provides several parameters listed in Table VI4, useful in quantitative
evaluations of water/solid surface interactions. An increase in deposition power resulted in a
greater values for the advancing CA and W, and smaller values for the receding CA, CAH, ysy
and Ws. The relatively low receding CA reflects higher liquid sorption and/or solid swelling
observed in the films fabricated at lower RF power [36]. The relatively low CAH for films
fabricated at high RF power may be the result of the lower content of unsaturated double bonds
in the pp—GT films and the film being more chemically homogenous [57]. At high RF power,
intense fragmentation takes place and a very little amount of the original monomer/oligomeric
units get integrated into the film structure. At this condition, the plasma-polymerized film is
also highly cross-linked, which prevents the rotational motion of the surface moieties away
from the surface towards the bulk of the film. The low CAH for 75-W film is also consistent
with the low surface roughness, which, in earlier investigations, was found to decrease with
deposition power [26]. CAH increases, as the RF power is decreased, which might be attributed
to the higher content of unsaturated double bonds in the pp—GT films and loose cross-linking
[57]. Incorporation of many monomer and oligomer units also takes place during this process at
low RF power. These may lead to a decrease in the homogenous surface chemical composition

and an increase in surface roughness with the decrease in RF power.

Table VI.4. Wettability parameters of pp—GT thin films deposited at various RF power

derived from contact angle hysteresis (CAH)

RF Power, W  0,,° Ok, ° CAH,° vyeoy(mJ-m?>) W, (mJ-m?>) Ws(mJ-m>)
10 63.14 8.28 5486  44.60 105.69 -39.91
25 69.25 1743 5182 4027 98.59 -47.01
50 72.98 29.15 4383 3839 94.11 -51.49
75 73.53 36 3753 3891 93.44 -52.16

Dynamic CAs determined using other probing liquids, e.g., DIM and EG, showed similar

trends.

The surface hydrophobicity/hydrophilicity of the pp—GT films of different RF power levels for
different solvents based on the static CA measurements are summarized in Table VI.5.
Independent of thickness, the application of the pp—GT coating affected the static CA values for
all three probing liquid (p < 0.05): water, EG and DIM. According to Olivares-Navarrete et al.

[58] a similar phenomenon is observed for Niobium coatings. Significant differences in static

151



CAs were observed in the case of water for pp—GT films fabricated at different RF power. In all

other cases, CA values were found in the same range.

Table VI.5. Static CAs for pp—GT thin film surfaces. DIM, diiodomethane

CA =SD,°
Sample, W

Water Ethylene Glycol DIM
10 61.03+1.79 36.29 +2.56 36.56 +1.29
25 68.93 +0.88 3744 +£2.03 3647 +2.24
50 72.72 £1.47 41.97 +3.60 36.58 £2.01
75 80.72 +1.94 4933 +1.25 38.70 +3.45

The static CA data presents important information regarding interactions between the surface

and the liquid system. A relatively high rate of change in the water CA signifies the

reorientation of functionalities at the solid-solvent interface [59]. From the raw data for EG

(Figure V1.5), an initial rapid drop in CA was attributed to the absorption of the solvent into the

pp—GT thin film. Subsequently, the CA remained relatively stable for the duration of recording.

While this rate of change was considered insignificant, the positive ramp suggested the

occurrence of the reorientation of functionalities at the interface. For the DIM data, all of the

films were stable with time, and the highest CA was found for films fabricated at 75 W. These

results indicate that pp—GT is more stable as the RF power is increased, due to an increase in the

degree of cross-link density associated with these deposition conditions [7].
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Figure VL.5. Representative static CA curves for pp—GT thin films for water, EG and DIM

The initial water CAs, 0, suggested that pp—GT thin films deposited at higher RF power were
more hydrophobic compared to the films fabricated at lower RF power, with CAs of 61.0° (10
W) and 80.7° (75 W). This was attributed to the reduction of hydrophilic moieties at the top
surface of the polymer and the decrease in the oxygen content associated with the higher

deposition power.

Investigating the evolution of the droplet profile may also be appropriate and meaningful to
determine the wetting behavior of thin films, especially if supported by considerations
accounting for the phenomena involved at the solid/liquid interface [12]. The relationship
between CA and the relevant surface phenomena can be simplified by the following general

expression:
B(t) = XL, fi(t) (VI.14)

where each fi(¢) is related to one of the n independent phenomena involved (e.g., absorption,
spreading, swelling and evaporation of the water drop). The derivative of (t) can be used to
compute the § evolution rate and predict the time required to reach the steady-state condition,

(AB/AL) = 0.

20 Afi()
il = v (VL15)

The phenomena involved at the water droplet-polymer interface can also be profitably
investigated by using a suitable image analysis procedure [12]. A reliable description of droplet

evolution that depends on two major effects, namely, absorption and spreading, can be
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determined from a combined trigonometric (detection of 6) and geometric (changes in the
droplet shape) approach. The absorption effect can be described as the sinking of the water
droplet beneath the contact surface, with decreases in its volume (V) and contact area, but the
volume is not affected in case of spreading effect, although it widens the contact area [12]. In
this work, the detection of 0 and the shape parameters (droplet height h, basal radius r, contact area
and droplet volume V) determined by image analysis were used to describe absorption and

spreading quantitatively, as well as their correlation with the surface topography of the films.

The evaporation of a sessile droplet can go through four consecutive stages: (i) spreading until
the value of static advancing CA is reached; (ii) evaporation proceeds with a constant contact
area and decreasing CA, until it reaches the receding value; (iii) evaporation with a constant
receding CA and decreasing radius of the contact line; and (iv) evaporation with a decrease of
both the radius of the contact line and CA until the droplet disappears. During Stage (i), the
evaporation can be neglected [60]. In the present work, the contribution of evaporation to the
total water droplet kinetics was examined directly by measuring the CA on pp—GT thin films.
For films fabricated at 50 and 75 W, spreading phenomena was found to be in effect until static
CA of 69.9° and 78.0° was reached. No significant difference between the water droplet volume
values (Table VI.6) was found throughout the analysis. The effect of evaporation is therefore
considered to be negligible for pp—GT thin films fabricated at 50- and 75-W RF power. The
same trend was observed in case of poly(ethylene terephthalate) (PET) [12].

Given the negligible evaporation effects, the CA evolution was considered to be related to
changes in the droplet volume and the solid/liquid surface contact area for all pp—GT thin films
tested in this work. This would indicate that, at least at the early stages, two different
physicochemical phenomena are occurring at the solid/liquid interface: absorption and
spreading. At first glance, rather large differences in 8 were observed within the first 30 s for the
10- and 25-W polymer thin films, which were confirmed by the data reported in Table V1.6 and
by Figure VI.6.

The water droplet profile began to change once the droplet was in contact with the 10-W
polymer thin film. Figure VI.7 shows that over the period of 0-10 s, the perceptible increase in
the solid/liquid contact area on the pp—GT film fabricated at 10 W was accompanied by a
decrease in volume, possibly because of the spontaneous diffusion of water inside the thin film
via absorption. The drop surface area data suggests that, after this early phase, spreading began
to take place and contributed to the overall kinetics of the evolution of the droplet profile. Both
the absorption and spreading phenomena then continued to contribute, until the end of the 30-s

period of analysis. The 25-W pp—GT thin film showed the same phenomena over the 0—10-s
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period. There was an early interaction of the surface and water that is evident from the increased
drop surface area (Figure VI.6). After this early phase, the solid/liquid contact area remained
stable for the remainder of the period of analysis. However, a decrease in volume suggests the

evaporation phenomenon for that period of analysis.

Table VI.6. Main parameters derived from static water CA measurement of pp—GT thin

films
RF Power, W  A0gs.q,°" AVgoa0, PL " AA 0.0, mm>¢ Phenomenon
10 -891+£0.72 -0.08+£0.07 051+0.79 Absorption + spreading
25 -5.67+1.09 -008+£0.05 0.15+0.27 Absorption + evaporation
50 447 +044 -007+005 005+0.11 Evaporation
75 -4.16£0.03 -0.06 £0.01 -0.04 £0.02 Evaporation

* The CA variation during the time of analysis (30 s); > water droplet volume variation; ©

drop surface area variation.
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Figure VL.6. Solid/liquid contact area (mm®) evolution over time (30 s) for pp—GT thin films
Figure V1.7 illustrates that curves for the pp—GT thin films fabricated at 10 W and 25 W could

not attain a zero-order-rate state at the end of the 30-s analysis. Both absorption and spreading

were therefore still occurring at the end of the analysis period at the solid/liquid interface.
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Figure VI.7. The first derivative of the curves of static water CA evolution during the 30-s

period of analysis

The water droplet profile of 50 and 75W polymer thin films did not change substantially during
the 30-s analysis, although the difference between 0, and 05, was statistically significant (p <
0.05) (Table VI.6). According to the literature, these observations may be due to two factors: (i) the
inclination of the water droplet to minimize its surface area when interacting with the polymer
surface, which is capable of changing its free energy through the reorientation of certain
polymer chains exposed at the solid/air interface [61]; and (ii) molecular conformation changes.
The preferred orientation of functional groups could justify the 0 values, as well as the decrease

in the drop surface area (Figure VI.6).

VI.2.3.1 CONTACT ANGLE/IMAGE ANALYSIS COMBINED APPROACH

To gain information on the main driving forces governing drop evolution on pp—GT thin film
surfaces, such as absorption, spreading, swelling and evaporation, and to determine their
individual contributions to the overall wetting phenomenon, a combined CA/image analysis
approach was adopted that enabled the spherical condition of the dome formed by the droplet at

the solid/liquid interface to be assessed.

The shape of the water droplets changed with time, and pp—GT thin film fabricated at 10 W
showed the most profound change observed from the CCD camera images. Physicochemical
features of 10 W films and the inherent structural flexibility can explain this phenomenon.
These two factors are recognized as crucial factors in aggregation on the molecular level [62].
The 10-W pp—GT thin films also showed the largest variations for both spreading and

absorption. However, smaller effects were observed for 75-W films, where the evaporation
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phenomenon was detected, but was almost negligible (AA = —0.01 mm?). An indication of this

is also provided in Figure VI.8, where the experimental heights of the water droplet are

displayed.
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Figure VL.8. Experimental heights of the droplet on pp—GT thin films

As noticeable from Figure VL8, the height of the water droplet on pp—GT thin film fabricated at
10 W dropped further and at a faster rate compared to the respective heights of droplets on films
fabricated at other RF powers. This may be due to the wider and deeper undulations present in the

10 W film (Figure VI.9) compared to the films fabricated at 25,50 and 75 W.

Figure VI.9. AFM image (1 x 1 um®) of the pp—GT film fabricated at 10 W

VI1.2.3.2 EFFECT OF SURFACE ROUGHNESS ON WETTABILITY

Wetting of a surface by a liquid is influenced by the roughness of that surface [15]. Thin films
of pp—GT were deposited at 75-W RF power on topographically-distinct surfaces of glass, Si,
SiO, and ITO substrates to attain chemically similar, but morphologically different, pp—GT

surfaces and, thus, to investigate the influence of roughness on the wetting properties of the



material. Surface roughness was characterized by AFM, with the corresponding roughness
values shown in Table VI.7. After the surface roughness characterization, wetting studies by CA
measurements were carried out using the sessile drop technique, as described in the
Experimental Section. A CA correlation with surface roughness, as determined by AFM, is

evident from these results.

Table VI.7. RMS roughness and CA values of pp—GT thin films deposited on different

substrates

Substrate RMS Roughness + SD,nm CA +SD,°

Glass 030151 80.72+ 194
Si0O, 506+1.03 81.95+0.98
Si 7.14 £1.58 8208 +1.54
ITO 13.94 +1.27 83.80 £ 1.47

The measurement of the water CAs on the pp—GT films deposited on glass and SiO, substrates
show a virtually constant or a very small increase in the static CA values (Table VI.7), while
films deposited on Si and ITO present an increase by 2°— 4°. This tendency, even if very small,
confirms that the water CAs increase with the surface roughness. As expected from this limited
variation in roughness, the variation range in the water CAs reported for pp—GT thin films was
very small. The results from this work also show that surface roughness influences the wetting
of the pp—GT, even at extremely low R, values. Busscher et al. [63] and Hitchcock et al. [64]
reported similar effects of roughness on the wettability of several polymers. The effect of
surface roughness on the wettability of pp—GT is therefore needed to be considered for potential

applications.

VI1.2.3.3 SURFACE TENSION (SFT) PARAMETERS

SFT parameters for pp—GT thin films fabricated at different RF power levels were derived using
the Van Oss-Chaudhury-Good (VCG), Fowkes and Neumann approach and are summarized in

Table VI.8. The CA data obtained for the solvents, together with the widely used SFT
parameters for water, DIM and EG [65] were employed in this study.
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Table VI.8. The surface tension (SFT) components obtained via VCG, Fowkes and
Neumann’s approach for pp—GT thin films

Approach SFT Components, mJ/m’ Solvent 1I0W 25W S0W 75W
N - 413 413 413 403
yA® - 34 3.7 2.7 1.6
VCG v+ - 0.2 0.3 0.2 0.1
Y- - 191 109 8.7 4.5
Ys - 447 45 44 41.8
Fowkes s 52.6 488 471 434
Water 40.1 336 306 245
Neumann s DIM 39.1 386 365 327
EG 413 413 413 403

Most monopolar materials are water soluble [65] and their values of y~ are relatively large. For
all pp—GT thin films, y~ was significantly higher than y*, indicating a monopolar nature. It is
possible to use these values of y~ to determine an upper limit above which solubility will occur.
Van Oss et al. [65] demonstrated that for a given Solute 1 (monopolar surface 1)-solvent 2

(bipolar) combination, the following equation can provide that limit:

vigT = (‘/Y%W - YS"2 +2(vivz —Vyivd) (VL16)

Employing Y5V ~ 40 mJ/m?, it was found that Eq. VI.5 becomes negative. Interfacial tension
therefore becomes negative for y; > 28.31 mJ/m’. A negative interfacial tension between the
material and water indicates the possibility of the penetration of water into the material, leading
to repulsion between the molecules or particles and promoting solubilisation [66]. The pp—GT
thin films have y~ < 28.31 mJ/m” (Table VI.8). The films are therefore not water—soluble. The
75-W film gave the lowest y~ value, indicating that the hydrophobicity of the polymer increased
with RF power.

The results obtained using Fowkes approach roughly compare with those obtained via VCG and
Neumann’s approaches. However, the VCG and Fowkes approaches are expected to be more
accurate, as they require more than one CA measurements to determine SFT values. There was
some variance in the values obtained using Neumann’s approach between different solvents for
each polymer film (Table VI.8). These values are smaller than those found with VCG approach,
with the exception of the values for DIM. The total SFT (y;) was found between 41 and 45

mJ-m for all samples investigated using the VCG approach. Values between 43 and 52 mJ-m™
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were found using the Fowkes approach. This is similar to the value of ~44 mJ-m™ for PET
obtained by Wu et al. [67], as well as 42 m]J- m™ for PMMA. The values are also consistent with
those reported for plasma thin films deposited from other secondary plant metabolites, where
total SFTs of 45-48, 36-40 and 31-37 mJ-m~ were found for thin films derived from linalyl

acetate [68], Lavandula angustifolia essential oil [7] and terpinen-4-ol [69], respectively.

VI1.2.34 WETTING BEHAVIOR

The wettability of each solution on the pp—GT surface can be quantified by computing the
spreading parameter AW = y;(cosd — 1) [70]. It shows the extent to which the liquid will adhere
to the surface relative to itself and, hence, indicates the ability of a liquid drop to stick to the

solid surface during solution processing [71].

Table VI.9. Spreading parameter (AW, mN/m) of pp—GT thin films
Solvent 10W 25W S0OW 75W
Water  -37.54 -46.63 -51.18 -61.10
EG -931 -9.89 -1231 -16.72
DIM -999 -995 -1000 -11.15

The pp—GT thin films fabricated at low RF power were characterized by increased wettability
(Table VI.9). It is also observed that EG and DIM wets the pp—GT surface better than water. At
0 = 0° and AW = 0, the liquid can adhere well to the surface of the solid, and hence, complete
wetting is observed. It is to be noted that the value of the work of spreading, Ws determined
from the advancing and receding CAs are almost similar to the values of AW (calculated in this

section), which gives the validation of the investigation.

Another important illustration of the wetting behavior of liquids on the pp—GT thin film surface
can be performed from their wetting envelopes. These are the lines of constant equilibrium CA
on a plot of the polar fraction (y/8) versus the dispersive fraction (y}"') of the liquid

determined from the following equation [68]:

(14 cosB,)yy, = Z(Jvékaw + Jv?BvﬁB) (VL17)
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Figure VI.10. Wetting envelopes at 0°, 20°, 40°, 60° and 80° using surface tension components

for pp—GT samples fabricated at 10 W, 25 W, 50 W and 75 W

Figure VI.10 demonstrates the degree to which various liquids wet the pp—GT film surfaces
fabricated at different RF power if ¥£Z and y:" are known. It also illustrates the surface
properties of ideal liquids for solution processing on the pp—GT thin films. By placing a
boundary on the curve at a CA of 0°, complete wetting behavior can be determined. Liquids
with surface energy components that lie above the line of 6 = 40° will not wet the surfaces of
pp—GT films sufficiently to enable suitable film formation from solution processing [71]. The
points for water are lying on or between the 60° and 80° contour of the pp—GT wetting
envelope, which means that it will not wet a pp—GT film surface, but rather, show a CA between
60° and 80°. This behavior may be desirable if these films are considered as mechanically flexible
encapsulating coatings for organic electronics. The behavior of chloroform and chlorobenzene

was also examined, as these solvents are commonly used in the deposition of organic

161



semiconducting layers from solution [72]. Both of them are found to lie within the 0° contour,
indicating that each solvent will wet the pp—GT surface completely. If complete wetting of the
surface by solution processing is needed for a specific application, both of these solvents would

be appropriate in conjunction with the pp—GT thin film surface.

VI1.2.3.5 THE INTERFACIAL TENSION AND SOLUBILITY

The SFT parameters obtained using the VCG, Fowkes and Neumann’s approach were used to
calculate the interfacial tension between the solid and liquid given by Eq. VI.7 and VI.8. The
solubility of the solid (AGy,) in that liquid was then determined by incorporating interfacial

tension values into Eq. VI.6. Results using Eq. (VI.6)—(VL.8) are presented in Table VI.10.

For AGy,; >> 0, the polymer is solvophilic for the solvent; for AG,; << 0, the polymer is
solvophobic for the solvent; for AGyy; = 0, the polymer is partially dissolved in the solvent. The
values obtained (Table VI.10) indicate that the pp—GT polymer is solvophobic, and the
strongest solvophobic response was found to be assigned to water, which is expected, as the CA
values for water are found to be the most stable. The absence of negative ys. and vy, values for
the solvents investigated (Table VI.10) indicates that pp—GT is insoluble in the three liquids.
AGy,; values increased in magnitude with increasing RF power for all of the probe liquids,
except DIM. This shows a less soluble behavior for water and EG. However, measurements

using DIM indicate swelling or partial dissolution of pp—GT thin films.

Table VI.10. AG,,; values obtained using Eq. (VI.5)-(VI.7) from the derived surface

tension data

RF SFT Parameters, mJ/m’ Solubility, mJ/m*
Solvent Power v, Data AGyyy = AGn =
W) YsL (eq. VI.8)  y12 (eq. VL.7) oy oy
VCG 943 -18.86
10W Fowkes 17.34 941 -34.68 -18.82
Neumann 4.84 -9.68
VCG 18.85 -37.7
Water 25W Fowkes 22.6 18.82 -452 -37.64
Neumann 747 -14.94
VCG 22.37 —44.74
50 W Fowkes 2547 22.39 -50.94 —44.78
Neumann 9 -18
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VCG 30.11 -60.22

5W Fowkes 31.67 30.11 -63.34 -60.22
Neumann 12.80 -25.6
VCG 6.01 -12.02

10 W Fowkes 13.92 6.03 -27.84 -12.06
Neumann 045 0.9
VCG 6.92 -13.84

25W Fowkes 10.67 6.99 -21.34 -13.98
Neumann 0.51 -1.02

EG

VCG 8.31 -16.62

50 W Fowkes 11.41 8.32 -22.82 -16.64
Neumann 0.79 -1.58
VCG 10.57 -21.14

5W Fowkes 12.13 10.67 24 .26 -21.34
Neumann 145 -2.90
VCG 3.89 -7.78

10W Fowkes 11.8 3.87 -23.6 =7.74
Neumann 0.5 -1
VCG 4.17 -8.34

25W Fowkes 7.92 4.17 -15.84 -8.34
Neumann 0.49 -0.98

DIM

VCG 32 -6.40

50 W Fowkes 6.30 3.19 -12.60 —6.38
Neumann 0.5 -1
VCG 2.20 -4.40

5W Fowkes 3.76 2.21 7.52 —4.42
Neumann 0.61 -1.22

According to the wetting envelopes for pp—GT thin films, the CAs for several important organic
solvents typically used in organic electronics, e.g., chloroform and chlorobenzene, will be too
low to be determined experimentally. Therefore, the parameter 5 is assumed to be 0° for the
purpose of calculating the solubility values for these solvents. These values were found to be
strongly negative, indicating that the pp—GT films are insoluble for solvents employed in the

processing of organic electronics.
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VI.3 CONCLUSION

In this chapter, the pp—GT films were successfully prepared and characterized. An FTIR
analysis confirmed that exposure to an RF plasma field can effectively initiate the
polymerization of the monomer. Some functional groups observed in the monomer were
retained during the polymerization process, but the C=0 stretching vibration (observed in pp—
GT spectra) was not present in the monomer spectrum. An increase in RF power resulted in a
reduction of the magnitude of the remaining groups, which was attributed to increased
fragmentation and, consequently, polymerization of the monomer. RF power can therefore be

an effective tool for the fabrication of polymer thin films with tuned properties.

The pp—GT films exhibited different wetting properties, as indicated by the investigation of CA
analysis and wetting envelopes. The trends observed were directed by two main phenomena at
the solid/liquid interface, namely absorption and spreading, which affect the overall wetting
behavior. This interpretation of the data was based on the assessment of the geometry of the
water droplet placed on the film surfaces. The greatest absorption was detected for 10-W pp-—
GT films while using water as the solvent. Improved stability was observed for films fabricated
at higher RF power with the increased hydrophobicity of the polymer surface, from 61.0° (10
W) to 80.7° (75 W). The polymer demonstrated a strong electron donor component and a
negligible electron acceptor component and was therefore monopolar in nature. Wetting curves
showed that the samples became more hydrophobic as the deposition energy was increased.
Chloroform and chlorobenzene were both found to fall within the 0° boundary, indicating that
they would completely wet the surface. Solubility results confirmed that the polymer would

resist solubilisation from the solvents investigated.

The wettability and compatibility of pp—GT thin films with solvents utilized in the
manufacturing of organic electronic devices has been investigated in this chapter. From the
wettability studies, it is concluded that pp—GT layers are suitable for encapsulation purpose and

also for use in a variety of organic electronic devices requiring solution-processed layers.
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CHAPTER VII

ELECTRICAL CHARACTERIZATION

This chapter presents an overview of the electrical characterization of the pp—GT polymer thin
films fabricated at different RF deposition powers conditions. With potential application as an
encapsulating and interlayer dielectrics (ILD) material, this chapter investigates the dielectric
constant, conductivity and breakdown field of pp—GT thin films. These properties were
investigated as a function of deposition conditions, input RF energy used for fabrication, and
frequency and temperature dependence on the the structural and chemical properties of pp—GT
material. The results of this chapter are reported in the journal article Ahmad, Jakaria, Bazaka,
Kateryna, and Jacob, Mohan V. (2014) Electrical conduction in plasma polymerized thin films

of y-terpinene that is accepted for publication in the Journal of Applied Polymer Science.
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ELECTRICAL CONDUCTION IN PLASMA POLYMERIZED THIN FILMS OF vy -
TERPINENE

Plasma polymerization or plasma—enhanced chemical vapor deposition (PECVD) [1] is a
promising modern technique for direct polymer thin films deposition of varying thickness on
various substrates from almost any organic vapor [2, 3]. The properties of the polymers
obtained by this method are of high quality, different and in contradistinction to the
conventional polymerization methods [4, 5]. By employing this technique it is possible to
deposit polymer films that are generally homogeneous, adherent, pinhole free, chemically inert,
adhesive and thermally stable [4, 6, 7]. The properties of the thin films can also be altered by
varying the deposition parameters like deposition power, pressure, monomer flow rate and
deposition time [2]. These films have therefore been extensively investigated in the recent past
due to their potential applications in electronics and optoelectronics [8-12]. They can be used as
insulating, dielectric and functional layers for electronic functional elements in thin film
transistors, diodes, switching elements, PV devices, capacitors etc [11, 13, 14]. However,
plasma polymerization usually yields polymer of highly cross—linked, highly branched and
highly insulating materials and applications of these polymers are therefore mostly suited for

the field of dielectric films [15, 16].

In organic thin film transistors (OTFTs) a gate insulating material is generally used. As an
example polymethyl-methacrylate-co-glyciclyl-methacrylate (PMMA-GMA) is employed as the
gate insulator with dielectric constant (k) of ~3.9 [17]. Another polymeric material has been
developed from pyrrole by radio frequency (RF) PECVD with k [] 3.8 [16]. However, there are
several drawbacks in the devices with these high—k material including high leakage current and
hysteresis [17]. It is also important to decrease the thickness of the gate dielectric. In
conventional metal-oxide—semiconductor (MOS), for 2.0 pum to 0.25 pm nodes, tetracthyl
orthosilicate (TEOS) with a dielectric constant k of < 4 is typically used as the interlayer
dielectrics (ILD) material [8]. Fluorinated silicon oxide (FSO) offers a lower dielectric constant
of < 3.5, due to lower polarizability of Si—F bonds compared to Si—O bonds. The lowest
dielectric constant values achievable by FSO are in the range 3.2 to 3.7, which are not
sufficiently low for complementary MOS technologies of 0.13-microns and below [9]. A
number of reliability concerns also accompany the use of FSO as an ILD [18]. Even lower
values of k have been achieved by introducing organic groups, such as CHj, and Si—H terminals
into the silica network yielding organosilica glasses (OSG) with k ~2.7-3.0. However, to ensure
process compatibility and high device reliability, materials need to meet some electrical

requirements as well as suitable dielectric behavior [19].
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Another important application for organic thin films is OPV. This technology is economically
competitive and it virtues collective advantages such as manufacturing adaptability, low-cost
processing and a lightweight, flexible device end—product, reel-to-reel processing on low cost
substrates, with numerous printing techniques, namely screen, inkjet, offset or flexo printing,
already available [20, 21]. However, the OPV technology is yet to reach a desirable level of
performance, which would render it suitable for wide commercial use [11]. Present power
conversion efficiency (PCE) and operational stability of OPV are considerably lower than those
offered by Si technology. Significant research efforts have been devoted to development of
materials, designs and structures to improve PCE of OPV, with a recent report of 12% for an
organic cell. Although this value falls short of ~25% PCE level offered by Si PV cells, it may
well be sufficient for a feasible commercial proposition when substantially less expensive
production budget for OPV is considered. Long-term operation stability of OPV, however, is far
below what would be considered acceptable for a commercial product, with the replacement
costs negating the cost savings from inexpensive manufacturing. Currently, the acceptable
lifetime of an inorganic solar cell is 20-25 years [22] well beyond the lifetime achievable by the
most advanced organic solar cells available. Such profound discrepancy in device life
expectancy between inorganic and organic PV cells stems from relatively high susceptibility of
organic materials to water vapor and oxygen, which lead to reduced reliability and lifetime of
organic devices under normal environmental conditions [11, 23]. Encapsulation with high
barrier performance materials and structures is one of the key ways to address these issues and

improve device lifetime [24-27].

Thin film encapsulation is a critical technology required for the application and
commercialization of OPVs [11]. For effective encapsulation, the materials have to meet the
requirements of good processability, high optical transmission, high dielectric constant, low
water absorptivity and permeability, high resistance to ultra-violet (UV) degradation and
thermal oxidation, good adhesion, mechanical strength, and chemical inertness [11]. However,
the materials currently available cannot yet satisfy these aforementioned requirements.
Adhesion strength of ethylene vinyl acetate (EVA), for example, is affected by the processing
conditions, damp heat and exposure time [28]. The deposition of the SiO, and SiN,
encapsulation structure causes plasma damage on the devices owing to the high sensitivity of
the organic films to radiation, charging and heating [29, 30]. AL,O; has a slow deposition rate
compared to PECVD-based methods that makes it more difficult to use in low-cost mass
manufacturing processes [11]. New materials are needed which will satisfy the encapsulation

requirements and achieve the reliability and lifetime required.

1-isopropyl-4-methyl-1.4-cyclohexadiene has been used in this study to synthesize an organic
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polymer by RF PECVD. The precursor, also known as y-terpinene, is a natural, minimally
processed plant-derived source, and is considered as an environmentally friendly alternative to
highly purified monomers typically used for fabrication of electronic materials. The fabricated
polymer (pp—GT) thin films are transparent to the optical wavelengths, with an energy gap of
3.1 eV indicative of an insulating material [2]. In terms of surface morphology, the films are
smooth (average roughness around 0.3 nm), uniform, defect free and show high adhesion to a
variety of substrates [2]. The pp—GT are stable when in contact with many types of common
solvents. Moderately hydrophobic, the films are completely wetted by chloroform and
chlorobenzene, the solvent commonly used in deposition of organic semiconducting layers [31].
Since the performance of an organic device relies on the charge carrier injection and transport in
the active material, adequate understanding of the nature of the carrier transport within the
polymer thin films is significant for microelectronic and optoelectronic applications. As such,
with potential application as an encapsulating and ILD material, the present work investigates
the electrical properties of pp—GT films, specifically the dielectric constant, conductivity and
breakdown field. These properties were investigated as a function of deposition conditions,
input RF energy used for fabrication, and frequency and temperature dependence on the

structural and chemical properties of pp—GT material.

VII.1 EXPERIMENTAL
VIL.1.1 SAMPLE PREPARATION

Thin film samples were deposited on high quality glass microscope slides inside a custom
made, cylindrical RF polymerization chamber, 0.75 m in length with an inner diameter of 0.055
m (approximate volume of 0.018 cm’). Extran and ultrasonic bath of distilled water was used to
thoroughly clean the substrates. These were also rinsed with isopropanol and air dried prior to
deposition. Using the procedure outlined in [32], plasma polymer films of approximately ~800
nm thickness were fabricated from y-terpinene monomer at various RF deposition power levels

(10,25, 50 and 75W). Time of deposition was varied to obtain films of desired thickness.

For J-V measurements, three-layered sandwich MIM structures (Al/pp—GT thin film/Al) were
deposited onto thoroughly cleaned glass substrates. Using a custom made shadow mask, devices
were prepared by first depositing bottom A/ electrode using thermal evaporation at a pressure of
107® Torr. The pp—GT thin films were then fabricated using RF plasma polymerization. Finally,
top electrodes were deposited using thermal evaporation technique and the electrical contact
was made by the conductive silver epoxy (CW2400). The bottom and top Al electrodes were

rectangular in shape with an effective area of ~3 x 10~ m”.
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VIL.1.2 MEASUREMENTS

The thickness measurements of the pp—GT thin films were performed by M-2000, J. A.
Woollam Co., Inc. variable angle spectroscopic ellipsometer (VASE). Hioki 3552-50 LCR
meter was used to analyze the dielectric function between frequencies of 10 Hz—100 kHz. The
impedance z, capacitance C, phase angle @ and dielectric loss tand were measured with no
applied DC bias. From these values together with the device geometry, real and imaginary parts

of the dielectric constant €, and &’ of the thin films were determined from the following

relations:

dc
& = A_so (VH.l)
g’ = g tand (VIL.2)

where d is the thickness of the film, A is the cross section area and ¢, is the permittivity of free

space.

Temperature measurements were performed using the same measurement device by placing the
samples on a temperature-controlled hotplate (323 K, 333 K, 343 K and 348 K). The sample
was left on the hotplate for 10 min at each temperature to ensure uniform heating, and the
temperature of the sample was confirmed via a digital thermocouple prior to measurement of

the dielectric function.

Dielectric breakdown measurements were performed on the MIM structures using a Keithley
2636A source meter. A staircase function swept the voltage and current was measured until a
sudden increase in current occurred. The point at which the meter indicated current limiting was
set at 100 pA for all devices so that the short circuit current could be clearly ascertained from

the current—density voltage (J-V) plot.

VIL.2 RESULTS AND DISCUSSION
VIL.2.1 DIELECTRIC PROPERTIES

Dielectric polarization and relaxation effects govern the behavior of dielectric properties of
polymeric materials as a function of frequency. The dielectric relaxation mechanisms can be
grouped into three classes, viz. a, B and y relaxations in order of decreasing temperature [33,

34]. a relaxation is a high temperature process that may involve crystalline regions and is
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usually related to the main chain motions. Its intensity increases with the degree of crystallinity
[35]. The B relaxation process is related to the movement of the side group chains or branches of
the polymer and it related to the amorphous regions. The y-process is related to the local
intermolecular relaxation at a temperature below Tg [35]. Since the measurement temperature in
this section of the study is maintained constant, the identification of the different relaxation

mechanisms (a, 3, y) becomes difficult without studies involving temperature.

Table VII.1. Dielectric properties of pp—GT thin films determined from capacitive

measurements

Sample &

100Hz | 1KHz | 10KHz | 100KHz
10W 398 389 |381 3.69
25W 3.84 376 | 3.66 3.57
50W 3.72 363 | 255 344
75W 341 338 |332 324
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Figure VII.1. Frequency dependence of the dielectric function of pp—GT thin films

Results of the dielectric constants of the pp—GT thin films are summarized in Table VII.1.
Representative curves of the dielectric function of pp—GT thin films at various power levels are
also depicted in Figure VII.1. The experimental results indicate that the dielectric constant value
decreases with increasing the RF deposition power. This is attributed to increase of carbon and
decrease of oxygen content in pp—GT films with RF deposition power [31]. The initial decrease
in dielectric constant at low frequencies can be traced to orientational polarizations of trapped

free radicals, unpaired electron sites, oligomeric structures, and polar groups under an applied
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external electrical field [36]. Higher dielectric constant has also been previously reported in the
low frequency region for other plasma deposited thin films, and was generally attributed to
interfacial phenomena (e.g. formation of depletion regions and interfacial polarizations) at the
metal/insulator junction due to inefficiency of charge transport through the interface under
applied electric field [16]. Interfacial phenomena is less dominant at higher frequencies with the
measured capacitance approaching the bulk, or insulator capacitance. Steadily decreasing
dielectric constant is observed for all pp—GT thin films in higher frequency region. The
dielectric constant is generally composed of contributions from electronic, ionic and

orientational polarizations [37].

The pure electronic contribution to the dielectric constant was calculated from the refractive
index (n) obtained in the UV/Vis region. Since the extinction coefficient (k) is normally

negligible in this region, the relative dielectric constant can be simply expressed as [38]:

Eelectronic = n’ (VIL.3)

For validating the dielectric constants of pp—GT polymer thin films, data from ellipsometric
study were used. If the refractive index, n, of a sample at optical frequencies (~600 nm) is
considered, the value of &,i.qronic 1S €stimated to be 2.44. Hence, contribution from electronic
phenomena is approximately 61.3-75.3% of the dielectric constant at frequencies greater than
10 Hz. Ionic and orientational phenomena contribute the rest in the bulk of the plasma deposited
thin films. Large amount of cross-linking induced by the plasma deposition process is the
reason for these low contributions, as cross—linking reduces molecular mobility and ionic
polarization of molecular structures present in the bulk of the material [39]. The frequency
dependence of ¢, is indicative of electronic polarization [35] due to oligomers/fragments, polar
side groups, and residual free radicals effects on interfacial polarization and microscopic field

distortion.

VIL.2.2 DIELECTRIC LOSS

The dielectric dissipation factor (also known as power factor or electrical loss tangent) tan J is
one of the key electrical properties of the polymer. It is defined as the ratio of an insulating
material’s resistance to its capacitive reactance at a specified frequency. It is always greater than
0, but usually much smaller than the dielectric constant. Loss tangent measurements are an
excellent means of quality control that can yield indication of degradation or moisture pick-up.
It is important in many applications such as in the insulation of cables, encapsulates for OPV

and electric components, ILD, and printed wiring board materials.
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The variations of the dielectric loss tangent, fan 0, with respect to frequency in pp—GT thin films
at different input power levels are shown in Figure VIL.2. It is observed that all samples show
similar behavior, reaching a minimum value at approximately 100 Hz before beginning to
increase again. Both the magnitude and characteristics of the dielectric loss values as a function

of frequency are similar to other plasma deposited films [37].
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Figure VII.2. Dielectric loss tangent, tan J, as a function of frequency of the pp—GT thin films

at different input RF power

In the present study, the capacitor system is assumed to comprise a frequency-independent
capacitive element C' in parallel with a resistive element R, whereas both are in series with a
constant low value resistance r. The measured equivalent series capacitance Cj, of the circuit is

governed by:

1
Cs=C/+ =g (VIL4)
This equation reveals that the measured capacitance C, should decrease with increasing
frequency. The loss tangent is given by:

+2)

1
tan & = EnR o+ wrC/ (VILS5)

where w is the angular frequency. This equation reveals that fan ¢ is proportional to the

frequency and is not dependent on charge carrier concentrations within the material. Thus, the
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Eq. VIL 4 predicts a decrease in tan ¢ at low frequency followed by a loss minimum at [40]:

1
Omin ~ ()" (VIL6)

and an increase in fan J at high frequency. Figure VII.2 demonstrates that in all the pp—GT thin
films, initial drop is followed by an increase in tan ¢ values with increasing frequency. This
increase is dominated by resistive losses since the mobile charges contained in the film cannot
follow higher frequency electric fields. This loss of energy is associated with the degree of
orientation of molecules in addition to the degree of internal friction of the polymer [19]. Since
pp—GT films are strongly cross—linked, the polymer backbones have limited molecular mobility
and this loss of rigidity of the polymer network facilitates the translational motion of charged
impurities. The increase in fan 0 with frequency can therefore be attributed to the introduction

of polar impurities in the pp—GT polymers [41].

Lower tan ¢ values at low frequencies in pp—GT thin films can be due to a lower electrical
conductivity in them. The motion of charge carriers that contributes to the conductivity at high
frequencies occurs predominantly along polymer chains [42]. Defects and inter-chain charge
transport can create a barrier to the charge transport in polymers that can in turn cause a
reduction in electrical conductivity. The presence of a number of polymer chain entanglements
in pp—GT thin films are the probable reasons for the motion of charges in the system that caused
a reduction in the electrical conductivity (hence lower fan ¢ values). For any electrical
insulation system, a low tan J value is always desired in the dielectric material whereas the
desired permittivity of the material can be high or low depending on the end application [43].
Lower tan J values of pp—GT thin films can therefore be suitable for use in electrical insulation

systems.
VIIL.2.3 TEMPERATURE DEPENDENCE OF THE DIELECTRIC CONSTANT

The capacitance of pp—GT thin films as a function of frequency is measured at different
temperatures as shown in Figure VIL.3. It is observed that the capacitance is frequency
dependent at all frequencies. Similar results have been obtained and were adequately interpreted
in terms of an equivalent circuit model [44]. According to this model the measured capacitance
C; is given by Eq. VIL.4. This equation reveals the decrease of C; with increasing frequency and
that for any given frequency, C, will increase with increasing temperature. pp—GT thin films

show the same behavior.
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Figure VIL.3. Real part of the dielectric function and frequency dependence of capacitance

(inset) for pp—GT thin films (50W) at different temperatures

The dielectric constants, & (Eq. VII.1) at different temperatures for pp—GT thin films has also
been observed to decrease with increasing frequency (Figure VII.3). This decrease can be
attributed to the fact that at low frequencies, ¢, for a polar material is due to the contribution of

multi-components of polarizability, deformational and relaxation polarization.

Figure VII.3 also revealed that ¢, increases with increasing temperature. This increase can be
attributed to the fact that the orientational polarization is connected with the thermal motion of
molecules. Dipoles cannot therefore orient themselves at low temperatures [45]. When the
temperature is increased the orientation of dipoles is facilitated and this increases the value of

orientational polarization, which increases &, [45].
VI1.2.4 TEMPERATURE DEPENDENCE OF THE DIELECTRIC LOSS

The variation of tan ¢ with frequency at various temperatures is represented in Figure VII.4. The
expression of tan § (Eq. VIL.5) predicts a decrease in tan § with increasing frequency [44] and
an increase with frequency above wp,=1/ [C/(rR)l/z], where the term in w is dominant. As shown
in Figure VII4, the decrease of tan ¢ with frequency is evident as predicted for low frequency
and a loss minimum is observed at ~300 Hz. After this point, tan J started to increase with

frequency.
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Figure VIL.4. Frequency dependence of loss tan ¢ for pp—GT thin films (50W) at different
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VIL.2.5 RELAXATION TIME DISTRIBUTIONS
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Figure VILS. Imaginary part of the dielectric function measured at 324, 335, 341 and 347 K for
pp—GT thin films (50W)

The imaginary part of the measured dielectric function (Figure VIL.5) reveals distinct relaxation
features in the measured data at all temperatures, shifting from lower to higher frequencies as
temperature increases. The width of these peaks is quite large, indicating contributions from

multiple relaxation times.
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Figure VII.6. The variation of the real dielectric constant ¢, on its imaginary part &,” of pp—GT

films (50W) at different temperatures for different frequencies

The Cole—Cole plots of the real part dielectric constant (g;) on its imaginary part dielectric loss
(&) of pp—GT films at different temperatures are also shown in Figure VII.6 and the centers in
the figures lie above the abscissa axes. This confirms that there exists a distribution of
relaxation times in pp—GT films [45]. It is clear from Figure VIL.5 also that &, increases with
increasing temperature. At low temperatures conduction losses (one of the three parts of
relaxation phenomena) have minimum value. As the temperature increases the conductivity
increases and so the conduction losses increases. This increases the value of €, with increasing

temperature [45].
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Figure VIL.7. Distribution of relaxation times evaluated from dielectric spectra at 323 K, 333

K, 343 K and 348 K for pp—GT thin films (50W)

Figure VII.7 shows the approximate discrete relaxation time distributions derived from
dielectric measurements at 323 K, 333 K, 343 K and 348 K as histograms showing the relative
contribution of each relaxation time to the overall dielectric function. Each of the distributions
show a dominant feature of higher magnitude than any others that moved to smaller relaxation
times as the temperature increased. This feature corresponded to the peak measured in the
imaginary permittivity data and approximately four additional peaks contributed to the overall
dielectric function. The presence of these additional peaks in the relaxation time distribution
reveals information not immediately evident from the dielectric spectroscopy measurements,
which indicated the possibility of presence of a single relaxation process. At 348 K, a large
portion of the relaxation peak was outside the measurable frequency range of the meter. The

behavior at relaxation times below the principle group characteristic to measurements at 323 K,
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333 K and 343 K was therefore not present in the sample measured at 348 K. These features

demonstrate the highly fragmented, cross—linked nature of the pp—GT films.

VIL.2.6 J-V STUDY

Various mechanisms have been suggested for the carrier transport in polymer thin films based
on the dependence of current density on voltage, temperature and thickness. To ascertain the
prevalence of a particular mechanism it is necessary to investigate the dependence of current
density on the above-mentioned parameters. In this study, conduction mechanisms were
investigated for pp—GT thin films by measuring standard /-V characteristics in the voltage range
0 — 200 V. For all examined devices, the measured /-V dependence showed low current over a
wide range of applied voltage. Figure VII.8 shows the observed current density, J, of devices at
room temperature with an applied voltage between 0 V and 200 V. Independent of pp—GT thin
film deposition conditions, the J—V curves have approximately the same shape, having two
sections of different slope in the low and high voltage regions that implies two different

conduction processes.
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Figure VIL.8. Current density (J) —Voltage (V) relationship for pp—GT films

In the low field region, the J—V characteristic can be described by a power law relation, where J
o V", m being the power law index [46]. In this region, the value of m for all pp—GT thin films
lies within the range of 0.5 < m < 0.7 and the current density J can be considered to exhibit an
approximately ohmic dependence with the applied voltage, V [46]. Ohmic conduction describes
injection of carriers through the bulk of the material, limited only by the device geometry and
number of carriers available for transport and the material mobility. In this region electrode and

potential barrier effects have not yet begun to dominate charge transport through the device. In
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the high field region (>100V), the slope of the graph m is found to lie in 1.12—1.39, indicating a

nonohmic conducting mechanism.

In the high field region several possible transport phenomena in plasma polymer thin films have
been reported that can be used to model the observed data [38]. The three most likely
mechanisms are space-charge-limited conduction (SCLC), resistive switching (RS) conduction
and Poole—Frenkel (PF) conduction. SCLC is a mechanism where the current conducted
through the material is limited by a distribution of traps in the bulk material [46]. In the MIM
configuration, the injection of electrons at an ohmic contact causes this space-charge-limited
current [47]. RS conduction is reported in many plasma polymers, i.e. polyaniline [48],
polyfurfural [49] and the plasma polymers of some natural extracts like lemon grass oil,
eucalyptus oil, and lynalyl acetate [46]. It is a conduction mechanism where the electrons obtain
enough energy to overcome the energy barrier at the metal-dielectric interface to go to the
dielectric [47].PF conduction mechanism is very similar to RS wherein the trap barrier of the
material is lowered by the application of a sufficiently high electric field across the dielectric
film and electrons may emit from traps into the conduction band [46, 47]. The following

equation is applicable to both PF and RS process [50]:

BF /2-¢
)

] =]Joexp (VIL7)
where J, is the low field current density, F is the applied electric field, £ is the coefficient of the
static electric field, k is Boltzmann’s constant in eV/K, T is the absolute temperature and ¢ is the
ionization energy of localized centers and coulomb barrier height of the electrode polymer
interface in the case of PF and RS mechanisms, respectively. The parameter £ is the field

lowering coefficient and is given by fpr and fBrs for PF and RS conduction, respectively [50]:

2Bgrs = Bpr = ( @ )1/2 (VIL.8)

TEEr

where ¢ is the charge of an electron, ¢, the permittivity of free space, ¢, the dielectric constant of

the bulk material and the units of £ given in eV m"* V2,

In order to explain the means of conduction in insulators, each of the three aforementioned
mechanisms can be used and it is important to determine which effect most adequately accounts
for the charge transport. This can be achieved by analyzing the shape of the J—V curves under

different conditions. In the case of SCLC, double log plot of the form In J—In V should provide
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a linear characteristic, while for PF and RS conduction, plotting In J vs. V*~ will provide a linear

characteristic. Furthermore, differentiation between the types of the electronic conduction can

be done by investigating the dependence of J on film thickness, d (J « d _l) for the samples of
different thickness at a constant voltage, where [ is the parameter dependent on the trap
distribution within the material. A slope [ < 3 is indicative of PF or RS conduction, while / > 3

indicates the possibility of SCLC.

For pp—GT thin films, plotting In J vs. In V produced less linear plots than In J vs. V°
suggesting the possibility that PF or RS conduction may dominate in this region (Figure VIIL.9).
Additionally, no film thickness dependence of current density was observed discounting SCLC
as the dominating charge transport effect in pp—GT films. The J-V characteristics in the high
field region (V >1.5 V) were therefore demonstrated from the viewpoint of PF and RS

conduction, using Eq. VIL.S.

InJ

1 115 12 125 13 135 14
Vl/2

-6.5 L
10 105 1
Figure VII.9. Variation of In J with square root of applied voltage V for pp—GT thin films
In order to differentiate between PF and RS mechanisms, Spr and fSgs values can be compared to

experimentally determined S coefficient (f,,,) [46]. The following equation can be used to

determine f,,,:
1
Bexp = skTd'/2 (VIL.9)

where s is the coefficient of the linear fit of on In J-V*? characteristic. Table VII.2 summarizes
the experimental and theoretical values of f calculated from Eq. VIL.8 and VIL.9 for pp—GT thin

films.
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Table VII.2. Experimental f.., and theoretical fpr and frs values of pp—GT thin films

RF power | B, Per PBrs

10W 1.80x 10° | 461 x10° | 230 x 107
25W 1.82x 107 [ 473 x 107 | 236 x 107
50W 1.87x 10 [ 479 x 10 | 2.38 x 107
75W 1.89x10° | 521x 107 | 2.60 x 107

From Table VII.2, S, is in best agreement with frs and hence, in the higher field region
Schottky mechanism is likely to dominate charge transport. Furthermore, the value of S, does
not change significantly indicating that €, remains constant with variations in deposition power.

VIL.2.7 ELECTRICAL RESISTIVITY MEASUREMENTS

The resistivity of the pp—GT thin films was determined from the relation:

(VIL10)

where p is the resistivity of the material, A is the MIM structure’s surface area and d is the thin
film thickness. The resistivity for all pp~GT samples are in the order of 10" — 10" Qm
(calculated at 200 V) that confirms the insulating characteristic of pp—GT thin films. An
increase in resistivity of the samples with increasing RF deposition power is attributed to the
increase in degree of cross-linking in pp—GT thin films fabricated under higher powers.
Furthermore, the conductivity (¢) values for films fabricated at different RF deposition powers
are presented in Table VII.3. This conductivity value is very low compared with other
amorphous, plasma deposited insulators such as plasma polymerized thiophenes that are on the
order of 10° — 107" [49]. The lowest reported conductivity for thiophenes was also found for
sample fabricated at higher RF deposition powers, and this decrease attributed to the more

amorphous nature of the film.

Table VII.3. Conductivity values (at 6V) and breakdown strength (Fy) of pp—GT thin films

RF power | g, S/cm F,, MV/cm
10W 139x 10" | 148
25W 291x 10" | 1.72
50W 192x 10" | 1.94
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75W 1.02x 10" | 2.05

VIL.2.8 DIELECTRIC BREAKDOWN

Insulating properties of pp—GT thin films are determined by measuring the leakage current
density with different applied fields. As the plasma power increased from 10 to 75 W, the
leakage current densities decreased and the field (F,) at which breakdown occurred, is ~2
MV/cm (Table VII.3). This indicates that the films have a compact structure with a high density
and are pinhole-free. These phenomena are well known to have a lower leakage current density
and higher breakdown field. This value of 2 MV/cm is comparable to plasma deposited
thiophene and octafluorocylcobutane, which have a reported value of 2 MV/cm [39]. The
dielectric breakdown study was performed on pp—GT samples fabricated at 75W, at different
thicknesses (250nm, 500nm and 800nm) to determine whether the property showed any
thickness dependence. For all the films, the breakdown field was found be ~2 MV/cm and the

property of the films were therefore independent of thickness.

The dielectric strength of polymer thin films is usually dependent on various structural
characteristics associated with the packing density of the materials, including the polarity,
dimension, and steric structure of the molecules and/or molecular building blocks [39]. The
breakdown strength (2 MV/cm) at 75W for pp—GT film reveals that a suitable reaction
environment for the y-terpinene molecules create a relatively high concentration of small
molecular activated species with mostly aliphatic C—H moieties [31], promoting the formation
of a highly cross—linked structure. The lower dielectric strengths observed for films fabricated at

lower RF deposition power are attributed to the less-densely cross—linked structures.

VIL.3 CONCLUSION

Electrical properties of the plasma polymerized y-terpinene thin films fabricated using the
plasma—enhanced chemical vapor deposition is studied using the MIM structure. The real part
of permittivity decreases linearly below 10 Hz for all the samples fabricated with RF powers 10,
25, 50 and 75 W. The bulk of the contribution is electronic. The initial drop in dielectric
constant at low frequencies can primarily be attributed to some orientational polarization caused
by the presence of trapped free radicals or the formation of polar/oxygenated groups. At a
frequency of 100 KHz, the dielectric constant of samples fabricated using 10 W RF power is
around 12% higher than samples fabricated using 75 W RF deposition power. The conduction
mechanism responsible for the charge transport through the material was recognized as ohmic

in the low voltage region, while Schottky conduction was found to be the dominating
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mechanism for charge transport through the films at the higher voltage region. Variations in RF
deposition power did not influence the conduction mechanism, while conductivity values was

found to decrease with increasing RF deposition power.

The pp—GT film cross-link density is found to play a key role in determining the breakdown
strength. The continuity of the path provided to charge carriers is disrupted by increased cross—
link density (as RF deposition power increases) that in turn results in higher breakdown
strength. The breakdown field for the samples were in the range of 1.5 MV/cm to 2 MV/cm. No
relaxation peaks were observed in the measured frequency range at room temperatures,
indicative of very long relaxation times, which provide further evidence of the minimal
contribution of orientation polarization to the measured relative permittivity. The dielectric
function has been measured as a function of temperature, and a single relaxation peak was
found to dominate the dielectric function. Determination of the distribution of relaxation times
from the data using regularization methods revealed the presence of several underlying

relaxation processes in addition to the dominant peak.

In summary, permittivity values of pp—GT thin films combined with high resistivity confirms
the material’s potential as an insulating layer for fabrication of organic electronic devices. These
properties, in addition to the other desirable properties of the films such as optical transparency
and high adhesion to a variety of substrates, also make pp—GT thin films a suitable candidate for

other dielectric applications in electronics.
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CHAPTER VIII

AGING AND STABILITY STUDY

In this chapter, the effect of ambient aging, heat treatment and UV exposure on the material
properties of pp—GT thin films is investigated. pp—GT thin film encapsulation performance was
also examined on a PCPDTBT:PC;BM solar cell. A manuscript outlining the finding of this
study are communicated as Ahmad, J., Oelgemoller, M., Bazaka, K., Uddin, A. and Jacob, M. V.
(2014) Aging, thermal degradation, and photostability of plasma polymerized y-terpinene thin
films (submitted to Polymer Degradation and Stability for publication).
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AGING, THERMAL DEGRADATION, AND PHOTOSTABILITY OF PLASMA
POLYMERIZED y -TERPINENE THIN FILMS

Organic polymeric thin films have many promising applications, primarily in organic light
emitting diodes (OLEDs), thin film transistors, and OPVs because of many advantages such as
mechanical flexibility, low-temperature processing capability at low cost, and applicability to
plastic substrates [1-7]. Typically, these devices have layered structures in a form of thin films
of different functional materials [3]. Organic polymeric thin films can be obtained by spin
coating, physical vapor deposition (PVD), printing, doctor blading etc. However, the
practicality of these materials depends on whether the stability, i.e., their properties are retained
throughout the lifetime of the device under ambient environment or when subjected to extreme

conditions, such as annealing or ultraviolet (UV) irradiation [8].

The stability of OPVs and flexible electronic devices over time can be divided into two levels,
the inherent stability of the cells and the overall stability of the devices. The overall device
stability can be tackled by ensuring a proper encapsulation coating. An efficiency of 14.1% was
found with Voc= 590 mV at 360 °C for solar cells with SiN, encapsulation deposited by low
frequency plasma polymerization. The oxygen transmission rate (OTR) and water vapor
transmission rate (WVTR) for SiN, films are 001 cm® m™ day™' and 0.01 gm™ day™,
respectively [9]. However, Si is very permeable to gas and water vapor and damp heat can cause
reduction in transmission [10]. Ethylene vinyl acetate (EVA) is another encapsulating material
that offers weather resistance and long-term reliability under long periods of exposure to
different elements [11]. However, weatherability testing of EVA under UV irradiation and
evaluation by FTIR measurements shows apparent absorption growth at about 1715 cm™ and
1175 cm™, both representing carbonyl C=0 stretching vibration in the rapidly forming ketone
structure [9]. Such ketone structures are unstable and lead to molecular decomposition in EVA.
Furthermore, adhesion strength can be affected by the processing conditions, in particular damp
heat and exposure time. New materials for encapsulation of OPVs and other devices are

therefore essential.

Over the last few years, thin films from essential oils have been developed and identified as
promising candidates for applications in electronics, as dielectric and encapsulation layers [4,
12-15], and as bio-interface coatings for implantable electronics [16]. This chapter reports the
fabrication of polymer thin films from 1-isopropyl-4-methyl-1,4-cyclohexadiene, also known as
y-terpinene, using radio frequency (RF) plasma polymerization. y-terpinene belongs to the
group of monocyclic terpinenes that is an isomeric hydrocarbon isolated directly from

Melaleuca alternifolia essential oil. Recent studies revealed that the optical properties of the

195



fabricated plasma polymerized y-terpinene (pp—GT) thin films are promising, with transparency
to the optical wavelengths and refractive index of 1.57-1.58 (at 500 nm) [4]. It is reported that
these polymers possess an optical band gap (E,) of ~3 eV that falls into the insulating E, region.
Independent of deposition conditions, the surfaces are smooth and defect-free, with uniformly
distributed morphological features and average roughness well below 0.30 nm [4]. The optical
and surface characteristics suggest that the pp—GT thin films have the potential to be
implemented in optoelectronic and insulating applications. With the intention to use these films
in OPVs, especially as encapsulation coatings and insulating layers in flexible electronics, this
chapter primarily aims at investigating the stability of pp—GT thin films under ambient
environment and extreme conditions, i.e., annealing or UV irradiation. Samples fabricated at 10,
25, 50 and 75W RF power levels are compared to investigate the effect of deposition power on

the stability of the polymer films.

VIII.1 EXPERIMENTAL

Figure VIIIL.1. Chemical structure of 1-isopropyl-4-methyl-1.4-cyclohexadiene (CoHe)

VIIL.1.1 PREPARATION OF pp-GT THIN FILMS

pp—GT Thin films were deposited on high quality glass microscope slides inside a custom
made, cylindrical RF polymerization chamber, 0.75 m in length with an inner diameter of 0.055
m (approximate volume of 0.018 cm®). The substrates were thoroughly cleaned using extran, an
ultrasonic bath of distilled water, and rinsed with isopropanol prior to deposition. Using this
procedure outlined in [7] plasma polymer films were fabricated from y-terpinene monomer
(figure 1) at various RF power levels (10, 25, 50 and 75 W). Samples were also produced at a
constant RF power level (25 W) and varying deposition times to investigate thickness

dependency of material degradation.
VIIIL.1.2 OPTICAL STUDY
pp—GT thin films were stored in ambient conditions (23 °C) and their optical properties are

observed for a period of 1400h. Psi and delta data are collected using variable angle

spectroscopic ellipsometer (model M-2000, J. A. Woollam Co. Inc.) over the spectral range
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from 200 to 1000 nm at three angles of incidence, ¢ = 55°, 60°, and 65°, (near the Brewster
angle) to minimize noise and systematic errors in the measured data [17]. The procedures and
methods of measurement are described elsewhere [18, 19]. The refractive index was calculated
using the Cauchy theory (Eq. VII.1) at the sodium (Na) D wavelength (4 = 589.3 nm) [18] at
room temperature for pp—GT thin films, where the parameters A, B, and C are constants

obtained from the ellipsometry measurements:
B K6 C
n(dA) = A+ﬁ+;\_4 (VIL.1)

VIII.1.3 SURFACE STUDY

The surface morphology and roughness parameters of the films were determined from AFM
images acquired on a NT-MDT NTEGRA Prima AFM operating in semi-contact (tapping)
mode, using (NSCO05, NT-MDT) cantilevers with a spring constant of 11 N/m, a tip radius of
curvature of 10 nm, an aspect ratio of 10:1 and a resonance frequency of 150 KHz. 3D
interactive visualization and statistical approximation was used to analyze the topographic
profiles of the surfaces. Scanning was performed perpendicular to the axis of the cantilever at a

rate of typically 1 Hz, with scan areas of 1 um x 1 pm, 10 pm x 10 pm and 50 pm x 50 pm.
VIII.1.4 WETTING AND CHEMICAL STUDY

Wettability of pp—GT thin films was evaluated by contact angle (CA) measurements with water
using a video-based optical CA measuring system (KSV 101). Advancing and receding CAs
were measured using the dynamic sessile drop technique. First, a sessile drop of probe liquid of
known volume was placed on the surface of the pp—GT sample, ensuring that the needle
remained in the drop during the measurement to avoid undesired vibration. The drop was then
modified by slowly adding volume, with the advancing angle estimated as the largest contact
angle possible without increasing its solid/liquid interfacial area. The receding angle was
estimated as the minimum possible angle that can be achieved by slowly removing the probe
liquid from the drop without decreasing the drop’s contact area. Both the advancing and
receding angle were estimated as the average of the angles on both sides of the drop profile. CA

hysteresis (CAH) was estimated as the difference between the advancing and receding angle.
FTIR spectroscopy was carried out for the chemical characterization of the pp—GT thin films

using a Perkin Elmer Spectrum 100 FTIR spectrometer. Spectra were obtained in transmission

mode in the region of 4000-500 cm™, where 32 scans were acquired for each sample at a
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resolution of 1 cm™ . Contributions from CO, and H,O were eliminated from the spectra by a
background subtraction procedure, where the background was pre-recorded under the same

atmospheric conditions.

VIII.1.5S THERMAL DEGRADATION STUDY

The thermal degradation studies of pp—GT thin films are accomplished using the temperature
stage attachment of the spectroscopic ellipsometer. The temperature of the stage is increased in
steps of 5 °C every 5 min up to 405 °C to ensure thermal equilibrium between the stage and
sample. Dynamic ellipsometric measurements were performed using the CompleteEASE
software, which measures dynamic ¥ and 4 parameters at fixed ¢ = 70°. The data was then
imported into the WVASE32 software package for analysis. Experimentally obtained ¥ and 4
were used to derive the optical constants based on a model of the sample built in the analysis
software (WVASE32) via regression analysis. FTIR spectrometry was also employed to analyze

the alteration in the chemical conformation of the films.

VIIIL.1.6 PHOTOSTABILITY STUDY

A top irradiation chamber photoreactor (Luzchem LZC-1) was used in this study. The reactor
was equipped with fluorescent tubes (8 x 8 W) of different wavelengths (A = 254, 300 + 25 and
350 + 25 nm). The internal irradiation chamber had internal dimensions of approximately 30.48
cm wide, 30.48 cm deep and 21.59 cm high, respectively. A build-in fan and exhaust stabilized
the temperature to about 3—4 °C above room temperature. For UV—A (350 + 25 nm) and UV-B
(300 + 25 nm) irradiations, 8W fluorescent tubes from Southern New England Ultraviolet
Company (model RPR-3000A and RPR-3500A, respectively) were used. Philips UVC
(germicidal) lamps (model TUV 8W FAM) were used for UV-C (254 nm) irradiations. After
the irradiation, pp—GT samples were examined by ellipsometer, ATR-FTIR, AFM and CA
measuring system (KSV 101).

VIIL.1.7 ORGANIC SOLAR CELL STUDY (WITH pp-GT ENCAPSULATION)

This work investigates the effects of the pp—GT encapsulation on solution-processed OPV, i.e.,
organic solar cells based on a thin film blend of poly[2,1,3-benzothiadiazole-4,7-diyl[4 4-bis(2-
ethyl- hexyl)-4H-cyclopenta[2,1-b:3 4-b']dithiophene-2,6-diyl]] (PCPDTBT) and [6.6]-phenyl
C70 butyric acid methyl ester (PC;0BM). The device area used was 0.13 cm’. OPV device
efficiency measurements were performed using a QEX10 spectral response system from PV

measurements, Inc. The current density—voltage (/-V) measurements were performed using an
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IV5 solar cell I-V testing system from PV measurement, Inc. (using a Keithley 2400 source
meter) under illumination power of 100 mW cm™ by an AM 1.5G solar simulator (Oriel model
94023A; 100 mW cm™). OPV device efficiency and J-V properties of as-fabricated and pp—GT-

encapsulated devices were measured for a period of 80 days.

VIII.2 RESULTS AND DISCUSSION
VIIIL.2.1 AGING OF POLYMER

pp—GT thin films fabricated at 10, 25, 50 and 75W were stored for up to 1400 h and
subsequently investigated by spectroscopic ellipsometry. The percentage (%) changes in
refractive index for the duration of the aging period are detailed in Table VIII.1. The change in

refractive index at 600 nm for the polymers is also presented in Figure VIII.2.

Table VIII.1. Post-deposition change in refractive index (%) (at different wavelengths)
after approximately 1400 h

Power (W) | Refractive index change, %
300 nm | 600 nm | 900 nm
10 0.08 0.11 0.14
25 0.38 0.27 0.09
50 0.51 032 0.11
75 0.59 0.36 0.17
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Figure VIIIL.2. Refractive index (at a wavelength of 600 nm) for pp—GT films at (a) various RF

powers and (b) thicknesses

The refractive index increased for approximately 150 h after deposition for all the samples

independent of deposition power, followed by a slowdown in the rate of change. The refractive
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index remained stable for the remainder of the measurement. Thin films having large oxygen
content show very low values of refractive index [20]. Oxygenated pp—GT film fabricated at
10W (oxygen content of 11.8% [7]) therefore showed much lower refractive index value

compared to 25W, 50W and 75W.

The effect of thickness on the aging for pp—GT films fabricated at 25 W RF power was also
investigated. Samples of thicknesses 175, 430 and 695 nm were monitored for approximately
1400 h. The changes in refractive index at 600 nm are presented in Figure VIII.2. These results
reveal that the aging rate is independent of the film thickness, as a small increase in refractive

index exists for an increase in thickness.

UV-Vis absorption spectra of pp—GT films fabricated at 10W, 25W, 50W and 75W RF power
levels were collected as-deposited and after 12 months of exposure to ambient environmental
conditions using UV-Vis spectroscope to determine if films retained their optical transparency
over the visible part of the light spectrum. Exposing the films to ambient environmental
conditions had no significant effect on the absorbance spectrum. The films possessed similar

absorption spectra with absorption ranging to around 400 nm (not shown).

The surface physical states for the pp—GT films immediately after deposition and subsequently
after 1400 h of storage in an ambient environment were measured. The topographical features

of the investigated pp—GT thin films deposited on glass surfaces are shown in Figure VIIL.3.

1000 1000 1000 1000

nm nm nm nm

Figure VIII.3. AFM image of pp—GT films fabricated at 25 W as deposited and after 1400 h

pp—GT thin films (as deposited) are smooth, uniform and defect-free, exhibiting consistent
morphology across the same film sample. These films do not have prominent features
(maximum peak height of 14.8 nm) present on the surface of unmodified substrate. Average

roughness (R,) values for all samples are approximately 0.3 nm. Previous investigations show



that surfaces with RMS roughness values below 0.5 nm have an insignificant effect on the
fundamental properties of the films [21, 22]. Considering this and the determined roughness of
0.3 nm, the polymerization reactions are considered to take place mostly on the surface of the
glass substrate rather than in the gas phase [23]. All polymer surfaces displayed the surface
skewness (Ry) >0 and coefficient of kurtosis (Ry,) < 3. Such values for Ry and Ry, indicate a
disproportionate number of peaks pertinent to the film surfaces and a well spread out height

distribution, respectively.

The variation of the chemical structure of the pp—GT films as deposited and after 1400 h of
exposure to ambient conditions was used to understand the nature of the degradation process
taking place. FTIR spectra of pp—GT films fabricated at 10 W and 75 W are presented in Figure
VIIL 4.

10W 75W
105 T T T 105 T T
—— 1400 h —— 1400 h
—as deposited — as deposited
100 100 W
= 95 95 - E
S g
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85 85 - B
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Figure VIII 4. FTIR spectra for I0W and 75W pp—GT thin films as deposited and after 1400 h

Due to the hydrocarbon-based nature of the polymeric films, all FTIR spectra displayed strong
C-H stretching vibrations in the range 3000-2800 cm™. Additional bending vibrations were
found around 1500 cm™ [24], although with much lower intensity. The film deposited at higher
power showed a drop in intensities, broadening of peaks and loss of fine-structure, indicating a
higher degree of cross-linkage and subsequently a reduced homogeneity of bonding. The broad
band at approximately 3425 cm™ in all spectra was attributed to water that condensed on the
films prior to measurements. Minor oxidation after 1400 h was observed for the film generated
at 10W, as evident from the occurrence of a characteristic carbonyl (C=0) stretching vibration
at approx. 1700 cm™. For all other samples, the absence of any clear C-O or C=0O vibrations
suggests that autooxidation does not occur for the pp-GT films prepared, possibly due to a

higher degree of polymerization. In contrast, the film generated at 10W may contain a
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substantial number of reactive sites for autooxidation [25]. Autooxidation of plasma polymers
and thus incorporation of oxygen-containing functional groups (such as hydroxyl, C-OH,

carbonyl, C=0, and carboxyl groups, CO,H) has been reported for poly(a-methylstyrene) [26].

For samples deposited at 25, 50 and 75W, the dominant v(C-H) peaks remained stable in
intensity and location in both as deposited and post-1400 h spectra, confirming stability in the
chemical structure (Figure VIII.4). The respective change in refractive indices is therefore
attributable to material relaxation [26]. Poly(a-methylstyrene) samples deposited at higher
power show higher levels of oxygen incorporation due to the presence of higher concentration

of radical sites and increased radical stability, whereas pp—GT films remain largely intact.
VIIL.2.2 ESTIMATION OF VOLUMETRIC AGING RATE

From the above analysis, the change in refractive index is found be related to the change in
density of the pp—GT films. Refractive index change is therefore used in this chapter to predict

the volumetric aging rate. The isothermal volumetric aging rate, r, is defined as follows [27]:

= _L(9v) _ (%ne
r= v (alnt)p"’[‘ - (alnt)P'T (VIHZ)
where V is the material specific volume and P and T refer to the pressure and temperature

during aging, p is the density of the polymer and ¢ is the aging time. Lorentz — Lorentz equation

[28] can be used to find this isothermal volumetric aging rate, r.

2

R 1 _ pNaya (VIIL3)

n2+2  3Mge,

where N,,is Avogadro’s number, M, is the molecular weight of the polymer repeat unit, & is the
permittivity of free space constant and « is the average polarizability of the polymer repeat unit.

Eq. VIL.3 can be formatted as follows

2_
L=2"2=pC (VIIL4)

n2+2

where L is defined as the Lorentz-Lorenz parameter and C =N,, a / 3Myg.
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Figure VIIL.S. Refractive index change (at a wavelength of 600 nm) in the form of the Lorentz-
Lorenz parameter, L and volumetric aging rate, r, determined from the Lorentz-

Lorenz equation vs. RF power for pp—GT films thin films

The refractive index data at the wavelength of 600 nm is plotted in the form of the Lorentz-
Lorenz parameter for pp—GT polymer thin films in Figure VIIL.5. Since the change in refractive
index is quite small and C may be assumed to be constant during aging, L is a linear function of
log t as observed for the refractive index and also a linear function of density. Indeed, the
volumetric aging rate can be calculated from the change of the Lorentz-Lorenz parameter as

follows:

r= (?7111111?)1:1* - (%)py'r - (gllc())gg];)p"r (VI

Linear relationships were also observed for all pp—GT film samples in the double-logarithmic
plot of log L vs. log ¢, whose slopes are the volumetric aging rates as shown by Eq. VIILS.
Figure VIILS illustrates the aging rates vs. RF power for the films fabricated at 10, 25, 50 and
75W. Clearly, the aging rate decreases as the RF power increases for all these polymers. This is
consistent with the results obtained from FTIR, CA and optical measurements and surface

analysis of pp—GT thin films.

VIIL.2.3 EFFECT OF AGING-RELATED CHEMICAL CHANGES ON WETTABILITY
One of the key predictors of surface-solvent interactions, the wetting behavior at polymer
surfaces and interfaces, is dependent on the nature and the variable length of polymer chains,

density fluctuations and the relatively slow motion of the long chain molecules [29]. CA

analysis is typically used to obtain primary data from which the degree of wettability for a
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specific solid-liquid combination can be inferred [7], with lower CAs indicating better wetting
compared to larger CAs. This analysis also provides indirect information about the structure of
the film matrix, where observed changes to CAs at the liquid/solid interface are attributed to
specific solid-liquid interaction mechanisms, such as absorption, spreading and swelling [30].
Chemical changes caused by aging and specifically oxidation can also alter the CA.
Furthermore, interfacial forces may cause surface rearrangement motions and the surface layers
(outermost few nm) of polymeric materials may therefore possess a composition that differs
from that of the bulk material. This surface restructuring can lead to reduction of the hydrophilic
nature of the modified surface. Figure 6 presents the dependence of the hydrophilicity of the
pp—GT film surfaces on aging time. With the exemption of the polymer film deposited at 10W,
all films showed stable behavior with CAs dropping only slowly after deposition and they
stabilized after about 350 h.
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Figure VIII.6. Evolution of the water CAs of pp—GT film surfaces as a function of time

The surfaces of the pp—GT films are thus fairly stable, especially if compared to other surfaces
such as polydimethylsiloxane (PDMS). The advancing CA of PDMS decreases from 114° to
108° and the receding CA from 81° to 64° within 5 min of contact between water drop and solid
surface [31], respectively. The small CA changes of pp—GT film surfaces with time are
consistent with the FTIR data (Figure VIII.4) showing a high degree of chemical stability. The
film deposited at 10W showed the largest drop in CA, which is caused by its reduced stability

towards autooxidation (as evident from FTIR spectral changes in Figure VIIL.4).
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VIIIL.2.4 THERMAL DEGRADATION

The thermal stability of pp—GT films fabricated at 10, 25, 50 and 75 W was investigated by
annealing samples to 405 °C (Figure VIII.7). All samples showed a stable behavior up to
~250 °C with no significant change in the refractive index of the material. An increase in RF
power resulted in an increase in thermal stability, i.e., higher degradation onset temperature.
Greater thermal stability can be attributed to larger degree of cross-linking in polymers

fabricated at higher RF powers, as also evident in the FTIR spectra (Figure VIII.4).
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Figure VIIL.7. Refractive index (up to 250 °C) and film thicknesses (to 405 °C) of pp-GT as a

function of temperature

In general, the mobility of the cross-linked polymer chains increases while annealing up to a
specific temperature [32]. This is often used to improve the stability of the plasma polymer.
However, it also commonly results in a notable weight loss [32]. Figure VIII.7 shows the
variation of refractive index and the film thickness when the sample is heated using the heat
cell. The film thickness started decreasing slowly above 200 °C and rapidly above 300 °C. The
refractive index also decreased slowly up to 200 °C and beyond that an increase in refractive
index is noticed. This increase may be attributed to a phase change and the deposited molecule
obtains larger kinetic energy at higher temperature [33] and low-molecular weight polymers are

evaporated from the film.
A similar nature of material degradation has been observed for hydrogen-terminated and 2,2-

diphenyl hexyl group-terminated poly(methyl methacrylate) (PMMA) [34]. Overall pp-GT can

be applied in devices or applications without significant variation in properties up to 200 °C.
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FTIR spectra for pp—GT films as deposited at 25W and post-annealing were compared to
understand the degradation mechanisms occurring during heat treatment. Identical spectra
(Figure VIII.8) obtained confirmed the stable behavior of pp—GT thin films upon annealing up
to ~250 °C. As noted above, between approximately 250 °C and 350 °C, all pp—GT films
underwent a phase change and the optical parameters of the films experience a large degree of
variation. The FTIR spectra of the films after heating to 400 °C (Figure VIIL.8) also confirmed
this observation. For the hydrocarbon-based pp-GT films produced, thermal oxidation is
believed to be the only possible process, subsequently transforming them into less hydrocarbon
dense structures [24]. In contrast, functionalized polymers can undergo a variety of thermal
degradation processes that can significantly alter their structure. For example, polyvinylalcohol
(PVA) based films thermally degrade by dehydration above 220 °C [35].
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Figure VIILS8. FTIR spectra of as deposited pp—GT film and at 250° and 400°C

The FTIR spectrum of the film treated at 400 °C solely revealed an increase in peak intensity
with little changes in peak composition and shape. This intensity change is in line with the
change of film density at elevated temperature. The peaks found at 3416 cm™ and 1707 cm™
suggest the presence of oxygen-containing functional groups, specifically hydroxyl (-OH) and
carbonyl (C=0) [23], and thus further oxidation of the polymeric film upon heat treatment.
However, since these signals were found in similar relative intensity in the initially deposited

film, subsequent thermal autooxidation is considered a minor degradation pathway.
VIIIL.2.5 PHOTO-STABILITY STUDY

Photostability of polymer thin films is a crucial parameter, especially for exterior surfaces or
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applications as OPV devices that are exposed to radiation. Typically these films are exposed to
UV light via sunlight. Solar radiation reaching the surface of the earth is characterized by
wavelengths from approximately 295 up to 2500 nm. The solar radiation classified as UV-B
(280-315 nm) has an energy of 426-380 kJ mol" and can thus cause bond cleavages [36].
However, the higher energetic part of UV-B (280-295 nm) is filtered by the stratosphere and
does not reach the earth’s surface. UV-A light (315400 nm) has energy between 389 and 300
kJ mol™ and is thus less harmful for organic materials than UV-B [36]. Likewise, visible (400-
760 nm) and infrared (760-2500 nm) radiation do not possess sufficient energy amounts to
cause chemical changes. UV radiation below 295 nm (UV-C) causes significant degradation
that does not occur under normal conditions [37]. However, a high dose of UV radiation (UV-A
or UV-B) can have detrimental effects on the properties of these polymers, as cross-linking
bonds (linking of polymer chains) are most vulnerable to degradation due to UV exposure. This
degradation generally occurs due to C—C bond scission [38] resulting not only in chain scission
but also photolysis and/or dissociation of side groups. Other complexities may arise due to the
potential reversibility of the degradation. In the presence of oxygen, photooxidation processes
with triplet oxygen (‘O,) can furthermore occur, resulting in oxygenation of the polymer and
generation of oxygen-containing functional groups. Likewise, photosensitized oxygenations
involving singlet oxygen ('O,) may operate [39, 40], especially in the presence of suitable
sensitizing agents. While undesired for polymers, these reactions are useful in organic synthesis
with sunlight [41, 42]. Photostable polymers are often used as solid supports for

photooxygenation reactions [43].

It has been demonstrated using absorption spectroscopy that pp—GT thin films possessed similar
absorption spectra over time and photodegradation followed the dame trend due to UV exposure
[4]. Any changes in optical absorbance of pp—GT after UV exposure may be attributed to the
formation of photodegradation products [38, 44]. Easton and Jacob, for example, observed
similar changes in optical properties in case of oxygen uptake, which was typically extremely
rapid during the first few days after deposition associated with a high radical density, followed
by a decline and eventual termination [45]. The decrease in decomposition may alternatively be

caused by light-absorption and thus filtering by certain photodegradants.

pp—GT thin films have been exposed to UV-A (A = 350+25 nm), UV-B (A = 30025 nm) and
UV-C (A = 254 nm) for 24, 48 and 672 hours. Although not naturally occurring, UV-C is
commonly used for sterilization purposes and was thus chosen as an extreme wavelength range.
After irradiation, the films were investigated by FTIR, AFM and CA measurements. The
overlaid FTIR absorption spectra shown in Figure VIIL.9 are recorded at 24, 48 and 672 hours
for pp—GT thin films fabricated at 5S0W RF power. To test the effect on available oxygen,
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selected experiments were repeated using a quartz cover plate (‘oxygen-poor’ conditions).
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Figure VIIL.9. FTIR spectrum of non-irradiated and UV—-A, UV-B and UV-C irradiated pp—
GT thin films (50W) in oxygen-rich and UV-C irradiated films in oxygen—poor

conditions

The wavelength and oxygen content had significant effects on the photostability of the pp—GT
thin films. The UV-spectra of the films reached to approx. 400 nm (not shown). Consequently,
light absorption was achieved under all irradiation conditions. Upon irradiation with UV-A
light in an oxygen-rich environment, strong and broad bands rapidly emerged at approx. 3400
cm™ and 1700 cm™, respectively. The changes in intensities decreased during the course of the
irradiation, suggesting ‘inner-filter’ effects by the photodegradants. The newly formed peaks
were assigned to oxygen-containing functional groups, in particular O-H (hydroxyl- and
carboxyl-groups) and C=O stretching vibrations (carbonyl- and carboxyl-groups). Peak
broadening furthermore occurred in the region below 1500 cm™, possibly due to the emergence
of C-O stretching vibrations. The observed changes thus clearly confirm rapid photooxidation

of the pp—GT thin films upon light exposure. Similar observations have been reported for
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ethylene-propylene [46] and styrenic polymers [47]. When exposed to UV-B light, the same
changes were in principle observed in the IR-spectra, although more rapidly. In contrast to UV—
A exposure, the intensity of the C-H stretching vibrations around 2900 cm™ dropped
significantly, thus suggesting a higher degree of oxidation. This behavior can be explained by
the stronger absorption of the polymeric film in the UV-B range. In addition, the initial
photooxidants formed, i.e. carbonyl-containing compounds, absorb in the same region, thus
enabling further oxidation to carboxylic acid [48]. Rapid degradation was again observed upon
exposure to UV-C light. The generation of oxygen-containing functional groups was somewhat
retarded, likely due to alternative degradation processes such as rearrangements, chain scissions

and crosslinking reactions [36, 49], respectively.

Selected pp—GT thin films have also been irradiated under oxygen-poor conditions by covering
the films with a suitable quartz plate (transmission approx. >200 nm). UV-A and UV-C light
were chosen to represent the two extreme light conditions. No changes were observed in the
FTIR spectra of UV-A irradiated pp-GT thin films compared to the non-irradiated films (not
shown). This observation suggests that photooxidation is initiated by other processes and that
the radical intermediates formed are subsequently trapped by molecular oxygen. The
photostability observed suggests that the power of the UV-A light was insufficient to induce the
formation of any reactive species. In contrast, when the pp-GT thin film was photolyzed with
highly energetic UV-C light, degradation was again observed, although the process was
significantly slower than in an oxygen-rich environment. The FTIR-spectrum taken after 675
hours of exposure revealed the presence of oxygen-containing functional groups. Thus, the

radicals formed rapidly reacted with any oxygen present in the polymeric film.
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Figure VIII.10. AFM images of pp—GT thin films (5S0W) after (a) UV-A, (b) UV-B and (C)
UV-C irradiation for 24 hours

Figure VIII.10 shows a series of AFM images taken for the pp—GT samples fabricated at S0W
RF power that have been illuminated with UV-A, UV-B and UV-C light for 24 hours in
oxygen-rich conditions. The pp—GT thin films were generally smooth, uniform and defect-free,
exhibiting consistent morphology across the film samples. Average roughness values for non-
irradiated samples were approximately 0.25 nm [4]. However, the UV-illuminated samples
showed an increase in roughness with prolonged exposure time. An increase of the intensity of
UV irradiation also increased the roughness (Table VIII.2). This observation confirms that
chemical changes due to photochemical transformations occurred at the polymer surface but

required initiation by high-energy light.

Table VIIL.2. Roughness of Non—irradiated and UV-A, UV-B and UV-C irradiated pp-
GT thin films (50W)

Irradiation time (Hours) | Non—irradiated (nm) | UV-A (nm) | UV-B (nm) | UV-C (nm)
24 2.24 2.57 2.81
48 0.25 2.84 2.98 3.18
672 3.85 391 441

The mechanical properties of pp—GT thin films deposited at SOW RF power were also
investigated using a load—partial unload technique. A series of indentations were made and the
hardness of pp—GT thin film samples was found to decrease with increasing both the UV—

illumination time and the energy of UV irradiation (Table VIIL.3).
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Table VIII.3. Hardness of Non—irradiated and UV-A, UV-B and UV-C irradiated pp—GT

thin films (50W)

Irradiation time (Hours) | Non—irradiated (GPa) | UV-A (GPa) | UV-B (GPa) | UV-C (GPa)
24 051 0.47 0.42
48 0.51 047 0.44 0.36
672 0.48 041 0.31

A CAH approach [7] was adopted to investigate the wetting behavior of UV-A, UV-B and
UV-C irradiated pp—GT films fabricated at 50W (oxygen-rich conditions). The results
(advancing CA 6,, receding CA 6z, and work of spreading W) are listed in Table VIII.4. In line
with previous characterizations, an increase in irradiation time and energy of the UV light
resulted in lower values of advancing and receding CAs, thus indicating higher liquid sorption
and/or solid swelling behavior. The relatively low CA hysteresis (CAH) for 24-hour UV-
irradiated films is considered a result of its higher chemical homogeneity, i.e. a lower degree of
photodecomposition. CAH subsequently increased as the irradiation time increased (Table
VIII.4), which is attributed to the higher degree of chemical changes in combination with a
reduction of cross-linkages in the pp—GT films [50]. These subsequently lead to a decrease in
the homogeneity of the surface’s chemical composition and an increase in surface roughness as

supported by the AFM study.

Table VIII4. Wettability parameters of UV-A, UV-B and UV-C irradiated pp—GT thin films
(50W)

UV irradiation  0,,° 6z,° CAH,° Wg(mJ-m-2)
UV-A (24 hrs) 72.84 28.15 44.69 -50.74

UV-B (24 hrs) 63.69 2598 37.71 -40.07
UV-C(24hrs) 49.78 1948 30.30 -25.5

UV-A (672 hrs) 69.03 2398 45.05 -46.21

UV-B (672 hrs) 58.75 19.09 39.66 -34.63

UV-C (672 hrs) 42.32 10.80 31.52 -18.76

The wettability of each solution on the pp—GT surface can also be quantified by computing
the work of spreading Wy [51]. It shows the extent to which the liquid will adhere to the
surface relative to itself and, hence, indicates the ability of a liquid drop to stick to the
solid surface during solution processing [52]. The pp—GT thin films were characterized by
increased wettability with increased irradiation time and intensity of UV light (Table
VIII.4). This confirms the continuous formation of polar functional groups through

photooxidation during the course of the irradiation [36].
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VIIL.2.6 STABILITY OF ENCAPSULATED SOLAR CELL
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Figure VIII.11. OPV device efficiency spectra, current density, open circuit voltage and fill
factor vs. time curves of the reference device and the device with pp—GT thin film

encapsulation

Figure VIII.11 displays the device efficiency spectra of inverted structure solar cells fabricated
with and without pp—GT encapsulation. The device with pp—GT thin film encapsulation showed
a significantly improved performance, when compared to the reference device. It has a
maximum device efficiency value of 3.34% just after fabrication and a value of 2.03% after 80
days. In comparison, the reference device (without encapsulation) exhibits a device efficiency
value of 1.07% just after 29 days. These efficiency enhancements may be related to increased
charge carrier mobility and charge carrier lifetime due to pp—GT thin film encapsulation that
reduces the decay rate of photogenerated excitons and improves the efficiency of exciton

dissociation [53].
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Figure VIII.11 also displays the current density vs. time profiles of PCPDTBT:PC,BM solar
cell fabricated with and without pp—GT thin film encapsulation. The measured short circuit
current density follows a similar trend to the device efficiency profiles. The maximum value of
11.52 mA cm” was achieved using pp-GT encapsulation. A value of 8.80 mA cm” was
measured after 80 days, whereas a short circuit current density value of 7.96 mA cm™ was
measured after 29 days for the reference device (without encapsulation). Fill factor (FF) and
open circuit voltage (V,.) of the encapsulated device was also improved. A FF value of 31.89%
was measured after 80 days, whereas a value of 28.78% was measured just after 29 days for the
reference device (without encapsulation). Dennnler et.al. encapsulated MDMO-PPV:PCBM
solar cells with poly(ethylene naphthalate) (PEN)-based barrier material fabricated by PECVD
[54]. After 80 days, maximum encapsulated device efficiency was ~60%, which is similar to
pp—GT thin film encapsulation architecture. However, encapsulated MDMO-PPV:PCBM solar
cell had a short circuit current density of ~70% of its initial value after 80 days, whereas pp—GT

thin film encapsulation provided ~76% of its initial value.

VIII.3 PLAUSIBLE DEGRADATION PATHWAYS

In general, polymers can degrade by a variety of different mechanisms [55]. Of these, oxidation,
i.e. the reaction with molecular oxygen, in the absence or presence of light, occurs naturally and
can significantly reduce the lifespan of polymer films [25, 36, 56]. Commonly, materials
subjected to oxygen are degraded much faster in the presence of radiation than in its absence
and vice versa. Due to the low diffusion coefficient of oxygen in most polymers (such as
polyolefins, polyamides, and polycarbonate) oxidation typically occurs gradually from the

surface to the bulk [56].

For pp-GT films produced at low power (10W), minor autooxidation was observed after 1400 h,
as evident by characteristic C=0O vibrations in its FTIR spectra. For hydrocarbon-based
polymers, autooxidation is likely to occur preferentially in activated positions [25].
Consequently, the film produced at 10W still contains reactive allylic positions, which were
prone to autooxidation. The intermediary formed allylic hydroperoxides (scheme 1) (Figure
VIII.12) subsequently undergo rapid decomposition to the corresponding allyl alcohols (scheme
2) (Figure VIII.12) [25, 56]. Alternatively, the intermediary alkoxy-radical converted to the
corresponding carbonyl compound and subsequently to the carboxylic acid through further
oxidation (scheme 3) (Figure VIII.12) [25, 36, 48]. The films produced at higher power levels

remained stable over 1400 h, thus suggesting a high degree of saturation through cross-linkage.
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Figure VIII.12. General mechanism of allylic thermal oxidation of pp—GT films

Due to their hydrocarbon nature, pp-GT films remained stable upon heating to 250-300°C.
Thermal oxidation, i.e. homolytic bond cleavages and subsequent trapping by molecular oxygen
only occurred at elevated temperatures. For the film deposited at 25W and heated to 400°C,
FTIR analysis showed an increase in intesities for characteristic oxygen-containing groups
(Figure VIIL.9), thus indicating further oxidative thermal degradation [25]. The film prepared
with 75W power showed the highest thermal stability of up to about 300°C (Figure VIIL.8). Its
high cross-linkage offers some improved thermal stability towards bond cleavages and
subsequent oxidation. At elevated temperature, degradation occurred via polycondensation

process [57], where pp—GT degrades to lower molecular weight fragments.

When pp—GT films were subjected to UV irradiation under oxygen-rich conditions, rapid
photooxidation was observed. In contrast to other polymers, e.g. polystryrene [36], no visible
changes such as yellowing or gradual embrittlement could be observed. The presence of
oxygen-containing functional groups was unambiguously demonstrated by FTIR analysis
(Figure VIII.9) [24, 48]. In contrast to thermal oxidations, photooxidation is not limited to
activated positions. Instead, the degradation pathways for pp—GT films depended on the energy
of the light [58, 59]. Consequently, additional degradation pathways to that described in figure
VIII.12 are possible. As an example, the excess excitation energy from UV-irradiation initiated
the cleavage of a C-H bond in the isopropyl-sidechains of the polymer (scheme 4) (Figure
VIII.13). Instant oxygen trapping, followed by p-scission furnished the corresponding ketone-
containing degradants (scheme 5) (Figure VIII.13) [4, 9, 10, 11]. Subsequent Norrish-I cleavage
followed by reaction of the acyl radical with molecular oxygen and successive follow-up

reactions produced the carboxylic acid functions detected by FTIR (scheme 6) (Figure VIII.13).
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Figure VIII.13. General mechanism of photooxidation of pp—GT films

UV irradiation has a significant impact on the photodegradation of pp—GT films. Upon
irradiation with UV-A light, the initially formed hydroperoxides [scheme 1 (Figure VIII.12) and
scheme 4 (Figure VIII.13)] readily decomposed to produce carbonyl groups (Figures VIII.12
and VIII.13) [36, 61]. Photolysis with even more energy-rich UV-B light showed faster
oxidation and a significant drop in the intensity of the C-H FTIR-vibration peak (Figure VIII.9).
UV-B light is able to activate the intermediary formed carbonyl compounds that are the main
products of photodegradation [59], thus opening Norrish-type cleavage pathways [scheme 6
(Figure VIII.13)] [44]. Rapid photooxidation was also observed upon irradiation using UV-C
light. This light is capable of cleaving a variety of chemical bonds including residual C=C
bonds. The intermediates formed were subsequently trapped by oxygen to yield oxygen-
containing functional groups. In oxygen-poor conditions, the pp-GT films remained stable when
exposed to UV-A light. However, photooxidative decomposition was still observed with UV-C
light, thus highlighting the importance of homogeneous bond cleavages for this energy-rich

light.

VIII4 CONCLUSION

The aging behavior of plasma polymer thin films deposited from y-terpinene was investigated
and monitored by spectroscopic ellipsometry, UV-Vis absorption spectroscopy, AFM, FTIR
spectroscopy and CA measurements. Under ambient conditions, the bulk of aging occurred
within first 150 h after deposition and was ascribed to volumetric easing. Variations of
refractive index and thickness (under 0.59 and 0.37% respectively) were insignificant, thus
confirming the stability of pp—GT thin films in an ambient environment. Thermal stability
increased for the films manufactured at higher RF powers. The volumetric aging rate was
calculated by using the Lorentz-Lorenz equation and was RF power dependent; films fabricated
at lower RF power aged faster than films fabricated at higher RF power. FTIR spectra of the
films demonstrated little differences in the molecular structure of the deposited and annealed

films. Spectral changes after the thermal treatment of films deposited at lower RF powers
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corresponded to their less cross-linked structure compared to the films fabricated at higher RF
power. The change in intensity of the absorption bands compared to those of as-deposited films
was attributed to the structural rearrangement due to heat treatment. Minor thermal oxidation
was indicative from FTIR analysis. The optical, chemical and structural properties of pp—GT
thin films did not change significantly upon heat treatment up to 200°C. Photostability studies
were conducted with UV-light and showed significant aging due to photooxidation. These could
be suppressed in an oxygen-poor environment as demonstrated for UV-A irradiations. With
high-energy UV-C light, photochemical degradation and oxidation operated even under oxygen-
poor conditions, but to a lower extend. While the overall photostability remains a concern, it

may be further improved in future studies by the addition of common UV-stabilizers [36, 62].

The pp—GT thin film encapsulation on PCPDTBT:PC;BM solar cell without any additional
UV-curable epoxy resin protection enhanced the performance of the device. A combination of
photodegradation study of the pp-GT thin films and the performance study of
PCPDTBT:PC;,BM solar cell encapsulated with pp-GT thin films has given a new insight on

the potential to use them as encapsulants for OPVs.
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CHAPTER IX

CONCLUSION AND FUTURE WORKS

Thin-film encapsulation is a critical technology for the commercialization of flexible organic
electronics, and OPVs in particular. The key for achieving the reliability and desired lifetime
required for a desired application is the effective encapsulation to prevent the permeation of
water vapour and oxygen and other degradation mechanism. However, the materials applied for
this purpose cannot yet satisfy the encapsulation requirements discussed in chapter II. Hence,
new materials are needed which will satisfy the encapsulation requirements and achieve the
reliability and lifetime required. In this thesis, an environmentally friendly, low cost and
transparent thin film material suitable for applications in OPVs, especially as encapsulation
coatings was developed. This material was derived from the monomer y-terpinene, which is a
non-synthetic isomeric hydrocarbon derived from Melaleuca alternifolia essential oil, and
fabricated using PECVD. The fundamental properties of the material were investigated, in
addition to the photo—stability of the pp—GT thin films and stability of pp—GT encapsulated
solar cell. The following are important findings of, and insights obtained in, this dissertation,
summarized by chapter. Furthermore, based on current results of this dissertation, future work

to address outstanding research issues is suggested.

pp—GT thin films were successfully fabricated using PECVD under a range of processing
parameters to achieve materials with distinct material (physical, chemical, optical, electrical),
and degradation characteristics. These properties were defined based upon the attributes most
commonly reported in literature for new materials. Deposition time was found to significantly
affect film thickness, with minimal influence over material properties of pp—GT. Input RF
power, on the other hand, was demonstrated to be a significant determinant of material
properties of pp—GT thin films. Therefore, properties of pp—GT films deposited at various RF
powers were investigated using the characterization facilities available at James Cook

University and collaborating national institutions.

Structural characterization of pp—GT thin films deposited on silicon substrate by plasma
polymerization of y-terpinene at different discharge powers (SW-50W) were analyzed by
plasma mass spectrometry. High-resolution mass spectra positive ion mass spectrometry data of
the plasma phase demonstrated the presence of oligomeric species of the type [M+H]" and
[2M+H]*, where M represents a unit of the starting material. At the same time, there were
abundant fragmented species, with most dominant being [M™] (136 m/z), C,oH,5" (133 m/z),
CoH,,* (119 m/z) and C;Hy" (93 m/z). When plasma is ignited the relative intensity of intact
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monomer peak (e.g. 136 m/z) and fragment peaks (e.g. 119, 93 m/z) decreased. Higher mass
peaks with very low intensity did appear at higher RF powers, which are attributed to ablation
of polymeric material within the spectrometer. In positive ion mode, the dominant feature for all
plasmas was the peak at m/z 136, which corresponds to the M™ (CjoH;™") ion. A dimer
[2M+H]" was also observed at m/z 273, whereas protonated molecule [M+H]" at m/z 137 was
also found in the mass spectra. Based on these observations, a possible fragmentation pattern

during the plasma polymerization of the precursor, y-terpinene, was proposed.

To investigate pp—GT thin film optical properties, spectroscopic ellipsometry (VASE) and UV-
Vis spectroscopy measurements were undertaken. VASE measurements confirmed the effect of
deposition RF power on optical properties of the films was limited, with all films being
optically transparent, with refractive indices in a range of 1.57—-1.58 at 500 nm. Independent of
deposition power, the extinction coefficient approximated zero at wavelengths above 500 nm.
UV-Vis spectroscopy measurements also showed the films to be optically transparent, with only
one absorbance peak at approximately 300 nm. From these absorbance measurements, the
optical band gap of the films was determined to be ~3 eV, categorizing the films as insulating

materials.

The topographical properties of the material were investigated using AFM to measure the
surface topography and nanoindentation was used to measure its hardness. Independent of
deposition conditions, the surfaces were smooth and defect-free, with uniformly distributed
morphological features. From analysis of the topography, the roughness was determined to have
an average value between 0.30 nm (at 10 W) and 0.21 nm (at 75 W). Deposition power did not
have an effect on surface skewness or coefficient of kurtosis, with all pp—GT thin films
characterized by a disproportionate number of peak and a well spread out height distribution
pertaining to the pp—GT surfaces. Films fabricated at higher deposition power displayed
enhanced resistance to delamination and wear, and improved hardness, from 0.40 GPa for 10 W

to 0.58 GPa for 75 W at a load of 700 puN.

Investigations on the wetting, solubility and chemical composition of pp—GT thin films
provided an insight into the feasibility of implementing the material in OPVs, particularly where
wet solution processing is involved. FTIR showed the polymers to be structurally dissimilar to
the original monomer and highly cross-linked, where the loss of original functional groups and
the degree of cross-linking increased with deposition power. The polymer surfaces were
hydrocarbon-rich, with oxygen present in the form of O-H and C=0O functional groups. The
oxygen content decreased with deposition power, with films becoming more hydrophobic and,

thus, less wettable. XPS characterization of chemical composition and structure of pp—GT
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surfaces provided additional confirmation of the chemical properties of the material, through
analysis of high-resolution Cls spectra showing predominately hydrocarbon bonding
environments in addition to some oxygen-containing moieties. This analysis revealed an inverse
relationship between power and the presence of oxygen functionality in pp—GT. Reduction of
oxygen content in the deposit correlated with greater fragmentation in the plasma phase at
higher plasma power. The thin film which featured the highest degree of incorporation of
oxygen (11.8%) was obtained from plasma operated at 10 W, but was deposited at the lowest

rate (12.83 ugm’zs'l).

Surface tension and solubility parameters of pp—GT thin films as a function of the deposition
RF power were also examined using three different solvents (water, EG and DIM). Improved
stability was observed for films fabricated at higher RF powers due to the increased degree of
cross linking and the decrease in the oxygen content associated with the higher deposition
power. The advancing and receding CAs were investigated, and the water advancing contact
angle was found to increase from 63.14° to 73.53° for thin films prepared with an RF deposition
power of 10 W to 75 W. The effect of roughness on the wetting behavior of the films was
insignificant. The polymers were determined to resist solubilization in solvents commonly used
in the deposition of organic semiconducting layers, including chloroform and chlorobenzene,

with higher stability observed in films fabricated at higher RF power.

The electrical properties of pp—GT thin films were investigated in the frequency range of 0 Hz —
100 kHz. From the IV characterization it was determined that RS conduction was the
predominate mechanism of charge transport in the pp—GT thin films. The resistivity of the
pp—GT thin films was found to decrease from 1.77 x 10" Q cm (10W) to 5.24 x 10" Q cm
(75W), attributed to the change in the chemical composition and structure of the polymer. IS
measurements determined that at a frequency of 100 kHz, the dielectric constant varied with
input RF power, from 3.69 (10 W) to 3.24 (75 W). These measurements were also performed
under heating in order to excite relaxation phenomena to frequencies within the experimental
measurement range to allow better modeling of the material’s dielectric function. The
distribution of relaxation times was found to possess multiple peaks, one of which clearly

dominated and was responsible for the main peak in the measured loss spectrum.

A comparative analysis on the changes of optical, morphological and structural properties of as
deposited, aged (1400 h) and heat treated pp—GT thin films revealed that the bulk of the aging
under ambient conditions occurred within the first 150 h after fabrication. Changes in refractive
index and thickness were insignificant confirming the pp—GT films were stable when in contact

with ambient environment and therefore can potentially be used as an encapsulating layer in
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OPVs. The volumetric aging rate of pp—GT thin films was found to be dependent on the
polymer structure and the RF power. The chemical characterization indicated that the aging of
pp—GT thin film deposited at lower RF power occurred via oxidation, as observed by a slight

increase in the —OH stretch (3424 cm™).

The thermal degradation studies of pp—GT thin films indicated an increase in thermal stability
for films fabricated at higher RF power. Between approximately 260 °C and 350 °C, all pp—-GT
films underwent a phase change and the optical parameters of the films experience a large rate
of change. Annealing up to 250°C had minimal effect on chemical composition and refractive
index of the material, whereas thickness reduced due to desorption of low molecular weight
species. The FTIR spectra of the films after heating to 400 °C confirmed hydrogen abstraction
that is likely to be the process to transmute the original film into a less hydrocarbon dense

structure.

Solar stability study was performed using solar simulator that showed photo—oxidation to be the
degradation mechanism for pp—GT thin films under UV irradiation in oxygen—rich conditions.
pp—GT thin film was also applied as encapsulation coating over a PCPDTBT:PC;BM solar
cell. EQE measurements performed using a QEX10 spectral response system revealed a
maximum EQE value of 3.34% just after fabrication and a value of 1.86% after 60 days.
However, the reference device (without encapsulation) had EQE value of 1.46% after 60 days.
The measured short circuit current density followed a similar trend to the EQE profiles. Fill
factor (FF) and open circuit voltage (V,.) of the encapsulated device was also improved

compared to the reference device (without encapsulation).

Table IX.1 shows the summary of pp—GT material properties. Given the outcomes of the
fundamental characterization and stability studies, potential application for pp—GT has also been
identified in this thesis. The flexible nature of the pp—GT films confirms the material’s potential
as an encapsulating layer in flexible electronics. Optical transparency and variable optical band
gap indicate pp—GT can be suitable for encapsulation of OPVs. Good adhesion, chemical and
physical stability, and low temperature of fabrication further substantiates the material’s
potential as an encapsulation coating of OPVs. Electrical measurements showed the material to
demonstrate highly insulating behavior that is needed for encapsulation purpose. Encapsulating
an organic solar cell and comparing device performance parameters before and after

encapsulation also verified the effectiveness of this developed encapsulation structure.
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Table IX.1. Summary of material properties of pp—GT fabricated at different RF powers

Input RF power
Property

10w 25W S50W 75W
Refractive index (A=600 nm) 1.57 £0.004 1.57 £ 0.004 1.57 £ 0.003 1.58 +£0.004
Extinction coefficient (A=600 nm) 0.006 +0.003 0.004 +0.003 0.003 +£0.004 | 0.001+ 0.004
Optical band gap (eV) 3.14 3.08 3.07 301
Abbe number 35.37 35.18 37.80 40.35
Average surface roughness (nm) 030+0.1 0.28 +£0.02 025+0.03 021 +0.02
Hardness (GPa) 040 +0.01 0.46 £0.02 0.51+0.02 0.58 £0.03
Elastic modulus, E (GPa) 422+0.03 4.61 £0.02 490 £0.02 5.96 £0.03
Static Water contact angle (°) 61.03 =1.79 68.93 +0.88 7272 +1.47 80.72+1.94
Advancing contact angle (°) 63.14 £ 1.04 6925+ 1.74 7298 091 7353 +1.27
Receding contact angle (°) 8.28 £0.89 1743 £1.16 29.15+1.39 36 £1.07
Surface free energy (mJ m™~) 44.60 40.27 38.39 3891
Water spreading parameter (mN/m) | —37.54 —46.63 -51.18 -61.10
Wetting behavior Absorption + spreading | Absorption + evaporation | Evaporation Evaporation
Conductivity (S/cm) 139x 107" 291 x 10" 192 x 10" 102x 107"
Dielectric constant (100 kHz) 3.69 3.57 344 3.24
Dielectric breakdown (MV/cm) 1.48 1.72 1.94 2.05
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The main research contributions of this dissertation were providing a systematical study
exploring the parameters that impact the pp—GT encapsulation films and their integration with
OPVs. Through the efforts of this work, the overall encapsulation film barrier performance was
determined with intention to use these films in OPVs, specifically as encapsulation coatings.
This new film effectively provides barrier with a simplified architecture by treating the
degradation mechanisms that commonly exist in currently available materials. Fundamental
characterizations of pp—GT thin films provided the basic understanding of the properties of the
films and the critical guidelines for designing efficient barrier layers. Additional studies of the
degradation behavior and solar stability of thin films provided an insight to enable the use of

these films as encapsulation coatings.

This thesis provided the conclusion that pp—GT is a promising candidate for encapsulation of
OPVs. However, further extensive investigations are required into fundamental studies behind
pp—GT encapsulating layers. These studies may include water vapor diffusion, which shows
non-ideal gas behavior through the films. Interaction with water vapor resulting in changing
properties of pp—GT films, and its impact on the performance of organic devices should also be
further investigated. pp-GT thin film performance while irradiating UV light for a long time,
requires further investigation to assess the polymer’s degradation mechanism. Performance of
pp—GT—incorporated electronic devices also necessitates detailed exploration to demonstrate
improvement. pp—GT has been applied as encapsulation coating over only one specific type of
organic solar cell and analyzed. Future research could involve investigations into different
device architectures and modification of deposition parameters and procedures to accommodate

these.

The thermal degradation and solubility of pp—GT thin films have been studied in this thesis.
However, the influence of these processes on specific properties should further be investigated.
In this thesis, dielectric function and conductivity was determined before exposure to UV and/or
various solvents. These can also be investigated to ensure that the properties remain unaffected

after the exposure.
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Appendix A.1

Materials and methods for encapsulation of OPV: A review

As published in: Ahmad, Jakaria, Bazaka, Kateryna, Anderson, Liam J., White, Ronald D., and
Jacob, Mohan V. (2013) Materials and methods for encapsulation of OPV: a review.
Renewable and Sustainable Energy Reviews, 27. pp. 104-117.
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advanced silicon based solar cells remains high compared to both traditional and other renewable power
generation approaches. Organic thin film photovoltaics are an emerging economically competitive
photovoltaic technology that combines manufacturing adaptability, low-cost processing and a light-
weight, flexible device end-product. At present, however, commercial use of organic photovoltaics is
hindered by low conversion efficiency and poor overall stability of the devices. Encapsulation with high
barrier performance materials and structures is one of the key ways to address these issues and improve
device lifetime. This paper will briefly outline the current understanding of the major degradation
mechanisms, their interrelation and the internal and external factors that initiate these processes. Then,
the paper will provide an overview of currently available encapsulant materials, their utility in limiting
chemical (water vapor and oxygen penetration) and mechanical degradation within individual layers and
device as a whole, and potential drawbacks to their application in organic photovoltaic devices.
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Appendix A.2

Optical and Surface Characterization of Radio Frequency Plasma Polymerized 1-

Isopropyl-4-Methyl-1,4-Cyclohexadiene Thin Films

As published in: Ahmad, Jakaria, Bazaka, Kateryna, and Jacob, Mohan V. (2014) Optical and
surface characterization of radio frequency plasma polymerized I-isopropyl-4-methyl-1,4-

cyclohexadiene thin films. Electronics, 3 (2). pp. 266-281.
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Abstract: Low pressure radio frequency plasma-assisted deposition of 1-isopropyl-4-
methyl-1,4-cyclohexadiene thin films was investigated for different polymerization
conditions. Transparent, environmentally stable and flexible, these organic films are
promising candidates for organic photovoltaics (OPV) and flexible electronics applications,
where they can be used as encapsulating coatings and insulating interlayers. The effect of
deposition RF power on optical properties of the films was limited, with all films being
optically transparent, with refractive indices in a range of 1.57—1.58 at 500 nm. The optical
band gap (E,) of ~3 eV fell into the insulating E, region, decreasing for films fabricated at
higher RF power. Independent of deposition conditions, the surfaces were smooth and
defect-free, with uniformly distributed morphological features and average roughness
between 0.30 nm (at 10 W) and 0.21 nm (at 75 W). Films fabricated at higher deposition
power displayed enhanced resistance to delamination and wear, and improved hardness,
from 0.40 GPa for 10 W to 0.58 GPa for 75 W at a load of 700 uN. From an application
perspective, it is therefore possible to tune the mechanical and morphological properties of
these films without compromising their optical transparency or insulating property.

Keywords: plasma polymerization; thin film; 1-isopropyl-4-methyl-1,4-cyclohexadiene;
y-terpenine; optical properties; AFM
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1. Introduction

The latest advances achieved in the field of organic electronics have expanded the scope of
applications beyond those attainable with conventional silicon (Si) semiconducting technologies to
include flexible photovoltaic (PV) and light-emitting devices, flexible displays, chemical and
biological sensors, wearable and implantable electronics, to name a few [1-7]. Among these, organic
thin film photovoltaics (OPV) is an emerging economically-competitive PV technology that combines
manufacturing adaptability, low-cost processing and a lightweight, flexible device end-product. In
spite of the significant advances in OPV, commercial use of this technology remains limited, due to
both low power conversion efficiency (PCE) and poor overall stability of the devices. Indeed, even
though the highest PCE achieved from organic PV has risen from 2.5% to 11% for bulk heterojunction
polymer: fullerene solar cells over the last ten years, it falls short of 25%-30% PCE level offered by
established Si photovoltaic cells. The lifetime achievable by the most advanced organic solar cells is
also far below the 20-25 years lifespan of commercial Si photovoltaic cells [8], attributed to relatively
low environmental stability of organic photoactive materials.

Most of the research effort to date has concentrated around the photoactive layer, focusing on new,
more efficient and stable materials with tailored energy levels and solubility, and a better
understanding of the mechanism of photon—to—electron conversion [9]. However, encapsulation with
high barrier performance materials has also been recognized as instrumental in significantly improving
device lifetime, where device stability is extended by limiting penetration of oxygen and moisture from
the environment into device layers [10]. For instance, encapsulation of solar cells based on coating of
ZnO layer on top of a photoactive material and subsequent UV resin drop coating resulted in a
significant increase in the stability, shelf life of the device, and the cost-effectiveness [11]. Recently
synthesized silicon oxide/alumina and parylene layer had an effective water vapor transmission
(WVTR) rate of 2.4 + 1.5 x 10> g/m*/day [12]. However, the requirements for high performance
encapsulation materials include good processability, high optical transmission, high dielectric constant,
low water absorptivity and permeability, high resistance to ultra-violet (UV) degradation and thermal
oxidation, good adhesion, mechanical strength, and chemical inertness [13]. While inorganic barrier
layers are often used for their sound durability [14], organic encapsulation materials are attracting
attention for their synthetic flexibility and resulting property tunability [15].

Organic thin film materials fabricated from renewable precursors using low-cost deposition
methods, such as plasma-assisted nanoassembly, have lower environmental and economic costs [16].
Low-temperature plasma deposition is a highly engineering-friendly, economical method of polymer
synthesis, that delivers practically pollutant free surface chemistry, and can be easily integrated into
manufacturing processes [17,18]. The method offers a level of confidence and deposition quality
comparable to and in many cases superior to other widely-used techniques, such as thermal chemical
vapor deposition, wet chemistry processing, laser assisted microfabrication, efc. [19,20]. Films
fabricated using plasma-assisted synthesis are typically smooth, ultrathin and pinhole free, with good
spatial uniformity, conformal coverage, and high adhesion to the substrate [21].

1-isopropyl-4-methyl-1,4-cyclohexadiene, also known as y-terpinene, is a non-synthetic isomeric
hydrocarbon derived from Melaleuca alternifolia essential oil. Earlier, Jacob and co-workers have
successfully used plasma-assisted deposition to fabricate thin films from other renewable precursors
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for application in electronics and biomedical fields, reporting property variability linked to both
deposition conditions and the chemistry of the monomer [22-26]. This paper reports on the
plasma-assisted fabrication of new polymer thin films from y-terpinene, with intention to use these
films in OPVs, specifically as encapsulation coatings, and as insulating layers in flexible electronics.
Given the proposed application for the plasma polymerized y-terpinene (pp—GT), the material is studied
in terms of optical, surface, mechanical, and adhesion properties as a function of deposition conditions.

2. Experimental Section

Thin film samples were deposited on high quality glass microscope slides inside a custom made,
cylindrical RF polymerization chamber, 0.75 m in length with an inner diameter of 0.055 m
(approximate volume of 0.018 cm’). The slides were thoroughly cleaned using extran, an ultrasonic bath
of distilled water, and rinsed with isopropanol prior to deposition. Using the procedure outlined in [22],
plasma polymer films were fabricated from y-terpinene monomer (Figure 1) at various input RF power
levels (10, 25, 50 and 75 W) and at an ambient temperature of 20 °C. The monomer flow rate was
estimated to be 1.57 cm’/min by employing the procedure outlined by Gengenbach and Griesser [27].

Figure 1. Chemical structure of 1-Isopropyl-4-methyl-1,4-cyclohexadiene (C;oHjs).
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Variable angle spectroscopic ellipsometry (VASE) measurements were performed using a
J.LA. Woollam Co. Inc. model M-2000D variable angle spectroscopic ellipsometer to estimate
sample thickness and optical properties of pp—GT thin films [28]. The refractive index n, extinction
coefficient k and thickness were derived from the experimental 4 and ¥ data via regression analysis.
The relation between n and thickness for the polymer samples has also been investigated. UV-Vis
spectroscopy measurements were performed using an Avantes Avaspec-2048 spectroscopy unit with
an Avalight-DHc light source to measure the absorbance in the ultraviolet and visible region. From
those data, values of optical band gap have been derived. Surface morphology and roughness
parameters of pp—GT thin films fabricated under different RF powers were determined from atomic
force microscope (AFM) images acquired on a NT-MDT NTEGRA Prima AFM operating in
semi-contact mode. A Hysitron Triboscope was used to perform the nanoindentation study. During the
nanoindentation study, a Berkovich indenter (70.3° equivalent semi-opening angle) was used and
instrument compliance was calibrated using fused silica. Preliminary images of the samples under
investigations were collected in order to evaluate the roughness of the area to be indented. Twelve
indentations were made on each sample and the results presented are an average of these indentations.
Typical loads used in the indentation ranged from 100 puN to 2000 uN with fixed loading time and hold
time of between 2 and 5 s.

In the load-partial unload (PUL) experiment, several cycles of loading and unloading were
performed in a sequence (Figure 2). At a constant rate of loading and unloading (100 uN/s), the
Berkovich indenter was first loaded and unloaded two times in succession with each of the unloadings
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terminated at 10% of the maximum load to assure the contact between the pp—GT thin film sample and
the indenter. This was performed to examine the reversibility of the deformation and thus ensure that
the unloading data used for analysis purposes were mostly elastic [29]. The load was held constant
after the second unloading for a fixed period of time at 10% of the peak value while the displacement
was carefully monitored to establish the rate of displacement produced by thermal expansion in the
system. Following the hold period, the sample was loaded for the last time to allow any final time
dependent plastic effects to diminish, with another fixed hold period inserted at peak load and then the
specimen was fully unloaded.

Figure 2. Typical load-time sequence used for load—partial unloading experiments.
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After the indentations were performed, stiffness values and the known modulus for quartz were
used to calculate the contact area for each indent. Contact parameters and mechanical properties of the
pp—GT thin films are derived from the contact area and load-displacement curve as proposed by Oliver
and Pharr [29]. The unloading stiffness was determined after polynomial fitting of 90% of the
unloading curve.

The cross-hatch test was performed on pp—GT films fabricated at different power levels using the
Elcometer 107 kit to obtain a standardized (ASTM D3359) qualitative assessment of the adhesion
between the films and the glass substrate. Crosshatch patterns were made on the polymer film surfaces
using the cutting tool (6 teeth, 1 mm spacing). The whole area was then brushed to remove debris and
adhesive tape was applied on top of the lattice followed by smoothing out the tape with a pencil eraser
across the surface. The tape was then removed by pulling at an angle of 180° and the results were
analyzed by comparing the lattice of cuts with ISO standards. Three samples were fabricated for each
applied RF power, with three crosshatch tests performed on each sample.

3. Results and Discussion
3.1. Effect of Time on Film Thickness

The dependence of pp—GT thin film thickness on the deposition time was studied on samples
fabricated for 2, 5, and 10 min at 25 W RF power along with constant monomer flow rate and pressure.
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A film thickness of 120 nm was obtained with deposition time of 2 min at 25 W. The sample thickness
increased linearly with time, approaching 438 nm for deposition time of 10 min. Similar trend was
observed for films fabricated at 10, 50, and 75 W RF power. Film thickness is also found to be linearly
increasing with higher RF power. This is due to an increase in the densification of electrons with an
increased crosslinking. Same phenomenon has also been observed in case of plasma polymerized
terpinen-4-ol and linalyl acetate (PLA) thin films [26,30]. Assuming constant deposition conditions
(pressure, monomer flow rate, distance between electrodes, efc.), the desired film thickness of pp—GT
thin film for a potential application can therefore be achieved by controlling the time of deposition.

3.2. RF Power Dependence of Optical Constants

The effect of changing the RF power level on the optical constants of pp—GT polymer thin films has
been studied using VASE and UV-Vis spectroscopy over the wavelength range of 200-1000 nm.
UV-Vis absorption spectrums of samples fabricated at 10, 25, 50, and 75 W RF power level (Figure 3)
reveal that the absorption contour is replicable over the RF power range employed during fabrication.
Reallocating of the peak position and/or broadening of the peak are not observed with increase in RF
power, unlike other studies [31]. The maximum absorption of pp—GT films fabricated at different RF
power levels is found to be at 300 nm. It is believed that the main absorption peak may be the result of
pi—pi * transitions. The optical transparency of the polymer films is confirmed by these spectra as the
maximum absorption peaks are outside of the visible region of the spectrums. The optical transparency
of the pp-GT film can be effectively used in applications such OPV, medical imaging, optical sensor
and as an encapsulating (protective) layer for the electronic circuits.

Figure 3. UV-Vis absorption spectrum of pp—GT thin films.
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Figure 4 demonstrates the n and k profiles of pp—GT thin films fabricated at various power levels.
Thickness and surface roughness parameters from Cauchy analysis (WVASE software) were used to
obtain n and k profiles. Mean squared error (MSE) values used to assess the quality of the modeling fit
were below 3. Considering the profiles, it is observed that the overall shape of the curves was similar
across all the samples. At short wavelengths (below 250 nm), a sharp peak in n profile was detected.
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At wavelengths above approximately 250 nm, an increase in RF input power resulted in higher
n values for the polymer. At 500 nm, the difference in refractive index between 10 and 75 W sample is
0.01, corresponding to a change of less than 1% that is similar to thin films fabricated from linalyl
acetate [32].

Figure 4. Refractive indices and extinction coefficient of pp—GT thin films.
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Based on the refractive index values of pp—GT films, it is anticipated that it can be used as a coating
on long-period fiber gratings (LPFGs) to enhance its sensitivity, similar to oJ-form syndiotactic
polystyrene [33]. According to [34], pp—GT can also be used in advanced optoelectronic fabrications,
such as high performance substrates for advanced display devices, optical adhesives or encapsulants
for OPV devices, antireflective coatings for advanced optical applications or image sensors [4,5,10].

The extinction coefficient (k) profiles for pp—GT samples fabricated at various RF power levels
illustrate very similar characteristics. These results (optical similarities with glass and transparency in
the visible wavelength region) confirm pp—GT thin films as a strong candidate for use as encapsulation
coatings in OPV, optical devices, such as LEDs, FETs, and lenses.

Abbe number (vp), a key parameter for the refractive index dispersion, is of great importance for
optical materials used in the visible region. It is also defined as v-number or refractive efficiency or
constringency of the material. The Abbe number is given by following equation [35]:

Nng—q

UD - nF - n'c (1)

where ny, np, and nc are the refractive indices of the material at the wavelengths of sodium D
(587.6 nm), hydrogen F (486.1 nm), and hydrogen C (656.3 nm), respectively [35]. Materials that have
a higher Abbe number (vp) have lower dispersion in the refractive index, whereas highly refractive
materials have small Abbe numbers [36,37]. A polymer having low vp (<30), is therefore not suitable
for use in optics [36].

For pp—GT films, vp increases from 35.37 to 40.35 (Table 1) with increase in RF power (10 W to
75 W), which confirms that films fabricated at 75 W have lower dispersion in the refractive index.
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These results indicate the well-balanced properties and hence the pp—GT polymer thin films are
potential candidates for advanced optical applications.

Table 1. Abbe-numbers for pp—GT thin films.

RF Power (W) Vp
10 35.37
25 35.18
50 37.80
75 40.35

3.3. Thickness Dependence of Optical Constants

Thickness dependence study was carried out using spectroscopic ellipsometry data taken for pp—GT
thin films fabricated at 25 W with different film thicknesses and the corresponding n and k profiles.
With an increase of thickness over the measured wavelength region, a very small increase of n is
observed. The shift in n vs. thickness is comparable to that found for polyparaxylene films [38], which
were deemed to not have significant thickness dependence on n. The shifts found in pp—GT thin films
are therefore insignificant and thus # is not dependent on thickness.

3.4. Determination of the Energy Gap

To determine the nature of the optical transitions, the optical absorption study was performed for
pp—GT thin films. The optical absorption coefficient data were obtained from UV—Vis spectroscopy
measurements. The optical absorption dependence of photon energy is expressed by the following
relationship [39]:

ahv = AChv — E;)™ (2)

where A is an energy-independent constant, E, is the optical band gap and m is a constant which is
connected to the density-of-states distribution in the transport gap in the band tails and thus determines
the type of transition (m = 1/2 and 3/2 for direct allowed and forbidden transitions, respectively, m = 2
and 3 for indirect allowed and forbidden transitions, respectively) [39].

The optical absorption coefficient data obtained from UV-Vis spectroscopy measurements were
converted to a Tauc plot using a MATLAB program. In that curve, a value of m = 3/2 was employed
for all the pp—GT thin films studied, as this value provided the most linear plot, indicating direct
forbidden transitions. The indirect process is much slower than the direct transitions as it requires three
entities to intersect in order to proceed: an electron, a photon, and a phonon. Materials showing direct
transition are therefore much more efficient than materials that show indirect transition. Gallium
arsenide (GaAs) and other direct band gap materials are used in optical devices, such as LEDs and
lasers, whereas Si that is an indirect band gap material is not used. This study shows that pp—GT,
having direct transition has the potential to be used in different optical devices. The optical band gap
values (Table 2) remained between 3.14 eV and 3.01 eV, falling within the insulating region of E,. The
pp—GT thin films can therefore be used as insulators for the application of flexible coating on electrical
apparatus (e.g., printed circuit board, high voltage systems, circuit breakers, efc.).
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Table 2. Optical bandgap of pp—GT thin films for m = 3/2.

RF power (W) E,; (eV)

10 3.14
25 3.08
50 3.07
75 3.01

3.5. Surface Morphology

The surface profile of pp—GT thin films fabricated at various input RF power levels were studied to
examine surface defects and roughness The topographical features of the investigated films deposited
on glass surfaces are shown in Figure 5.

Figure 5. AFM images of pp—GT thin films fabricated at 10, 25, 50, and 75 W input RF power levels.

From this study, pp—GT thin films are found to be smooth, uniform and defect-free, exhibiting
consistent morphology across film samples. Average roughness values for all samples were
approximately 0.3 nm. These roughness values were in agreement with the roughness values found by
means of spectroscopic ellipsometry. I Surfaces with RMS roughness values below 0.5 nm have an
insignificant effect on its surface and chemical properties and performance [40]. Considering this and
the determined roughness of 0.3 nm, the polymerization reactions are confirmed to take place mostly
on the surface of the glass substrate rather than in the gas phase [41].

Beside the conventional roughness parameters R, and R,, the statistical parameters, such as Ry
(skewness) and Ry, (kurtosis), were determined for the pp—GT thin films. Ry, is a quantitative
measure of the kurtosis, which is defined as the randomness of profile heights that determines whether
the data sets are peaked or flat relative to a normal distribution. Ry, values can range from 0 to 8.
Surfaces with distinct peaks that decline rather rapidly and have heavy tails exhibit high values;
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whereas rough surfaces with flat top near the mean possess lower values. The pp—GT thin film
fabricated at 10 W has lower value of Ry, (Table 3), whereas sharp peaks and heavier tails are found
for samples fabricated at higher RF power levels (Figure 5) that have relatively high values of Ry,
(Table 3). A surface skewness (Ry) greater than 0 is observed for pp—GT films, i.e., the predominance
of disproportionate number of peak-like surface features. Furthermore, it was observed that the 75 and
50 W samples have smaller and tapered features (narrow curves) while the 25 and 10 W samples have
broad curves. Furthermore, decrease in entropy indicates the surface flatness, i.e., reduction of growth
of pores at higher RF power levels [42]. Because of this behavior, R.ns and R, values decreased with
increase of RF power. However, higher deposition rate of pp—GT resulted in an increase in the surface
roughness values due to the fact that the particles in the growth region were unable to relax fast enough
before the next layer of the film is deposited [43]. These surface analysis results clearly indicate the
difference between the peak distributions for pp—GT samples fabricated at different RF power that may
affect the wettability. Uniformity of films is also confirmed from the analysis, which indicates the less
prone to fracture characteristics of the pp—GT films.

Table 3. Roughness parameters of pp—GT thin films.

Roughness parameters 10W 25 W 50 W 75 W
Maximum peak height R,,,, (nm) 4.48 2.38 2.16 2.15
Average roughness R, (nm) 0.30 0.28 0.25 0.21
Root mean square R, (nm) 0.39 0.34 0.32 0.30
Surface skewness R 0.32 0.22 0.14 0.08
Coefficient of kurtosis Ry, 0.06 0.54 0.63 0.77
Entropy 6.12 4.5 3.9 3.56

Surface morphology can also be described in relation to the wetting behavior of the plasma films.
Surface roughness generally enhances the hydrophilicity [44]. For pp—GT thin films, the decrease in
roughness values with higher deposition power is therefore considered to contribute to the increased
hydrophobicity of the surface. Smooth surfaces with greater hydrophobicity are vital for optical and
electrical applications, and also for implementing as coating materials for surface protection or buffer
layers [45].

3.6. Nanoindentation

Mechanical properties of pp—GT deposited under different RF power conditions were investigated

using a single indentation method and a load-partial unload technique. A series of indentations were

made in the films with depths ranging from 221.5 nm to 207.2 nm depending on the thickness of the
film. Illustrative single indentation curves from 2 um thick pp—GT film fabricated at 10 W is presented
in Figure 6.

The load-unload curve (Figure 6) shows the typical behavior of pp—GT thin films undergoing a
nanoindentation test. The initial slope of the unloading process is used to deduce the reduced elastic
modulus of the material at the specific contact depth, 4. There are a number of pop-ins in the curve
initially and this phenomenon may be attributed to micro-cracking or dislocation nucleation and/or
propagation during loading as have been investigated in a wide variety of materials [46].
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Figure 6. Load—displacement diagram of pp—GT thin film fabricated at 10 W.
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The elastic moduli and hardness of different pp—GT thin film samples increased with the increasing
RF power as seen from Table 4. Elastic modulus of pp—GT thin film fabricated at 10 W is 4.22 GPa,
while film fabricated at 75 W reaches an elastic modulus of 5.96 GPa. Increase in modulus is also
observed with decreasing h.. This may be due to the transition from spherical contact to conical
contact behavior occurred at i, = indenter radius/4 for the Berkovich indenter used in the study [47].
Data at lower depths should be treated with caution as the contact modulus measured varies
considerably with tip radius under spherical contact conditions. Hardness of pp—GT thin films also
follows the same trend as elastic modulus. The hardness of the materials increases with increase in
input RF power and this can be attributed to the higher crosslinking of the polymers fabricated at
higher power levels [22]. This results in an increase in resistance against sample deformation. Increase
of elastic modulus and hardness with increasing RF power has also been reported in other materials
such as linalyl acetate [26]. However, it should be noted that several sources of error may exist in these
experiments, which may include the relative non-uniformity of the indent (e.g., pile-up and sink-in
phenomena) observed on some samples, and difficulties in precise estimation of the indent area (e.g.,
possible overestimation in the case of pile-up and underestimation due to sink-in features), respective
influences of material properties and sample thicknesses and creep [48]. In addition, artifacts and tip
effects affecting the precision of the measurement may possibly be imaged due to the usage of same tip
for the actual indentation process and imaging. In a nanoindentation test, very often the stress
relaxation is observed at the maximum load during unloading process. This is due to the large strain
beneath indenter and the large strain rate at this point (since the loading rate is usually finite during the
experiment). Moreover, sudden withdraw of indenter causes oscillations in measurement whereas
holding at maximum load may lead to uncertainties in the measured quantities [48]. In addition, the
initial portion of unloading is more prone to thermal drift than the loading curve. The values presented
in Table 4 are therefore indicative of the evolution of the hardness properties of pp—GT thin films
under changing fabrication conditions and may quantitatively differ from the actual material properties
due to aforementioned measurement bounds.
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Table 4. Hardness parameters of pp—GT thin films.

RF power Contact depth, Hardness, Final depth, Elastic modulus,
W) h, (nm) H = SE (GPa) h¢ (nm) E (GPa)
10 221.5 0.40+0.01 137.90 4.22
25 218.3 0.46 + 0.02 102.53 4.61
50 211.7 0.51+0.02 83.60 4.90
75 207.2 0.58 £0.03 69.76 5.96

Loading time and holding time have significant effect on the indentation behavior of pp—GT thin
films. To investigate these effects, single indentations were performed on samples deposited at 75 W at
constant load of 1000 uN. Figure 7 shows typical repeat single indentation profiles under increasing
indentation load of pp—GT film deposited at 75 W. Hardness value decreased from 0.57 GPa to 0.53 GPa
with increasing loading and unloading time with rates (r) ranging from 0.5 to 20 nm/s. As creep
deformation taking place during the holding time influences the contact depth at maximum load, the
hardness values obtained using these maximum contact depth estimates will also be affected [24].
Moreover, the holding time at maximum load affects the unloading portion of the load displacement
curve. In this study, an increase in the hold time showed a decrease in the positive slope value of the
material. The relationship of decrease in this slope of unloading in the load-displacement curve and
modulus of the pp—GT thin films can be explained by the following equation [49]:

dPp 2
§=—r= 7 E*VA (3)

The decrease in the slope value means decrease in the dP/dh value that leads to a decrease in
modulus value. Further increase in hold time increases the indentation depth of the indenter tip on the
thin film surface, which leads to increase in contact area of the indenter with the film. The increase in
the contact area decreases the hardness of the film. In the case of pp—GT thin films, increasing the hold
time from 5 to 25 s at constant load of 500 uN resulted in a decrease in the calculated hardness from
0.59 to 0.53 GPa.

To extend the capabilities of quasistatic testing to allow depth profiling of pp—GT thin films, the
partial unloading (PUL) technique was used. This investigation revealed that at depths below 190 nm
(2 um thick pp—GT film), the depth profile of the hardness follows a trend similar to that determined
using the single indentation approach. The hardness of the system gradually increases above
approximately 190 nm due to the stress field no longer being contained within the body of the thin film.
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Figure 7. Typical AFM image of plastic impressions remaining in pp—GT sample
fabricated at 75 W after indentation under different load conditions.
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3.7. Adhesion Study

The adhesion behavior of pp—GT thin films deposited on glass is presented in Figure 8. The
adhesion improved with higher deposition power. Films fabricated at 10 W showed 5%-15%
delamination. However, films fabricated at 50 and 75 W showed no delamination effect with a higher

cross hatch rating.
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Figure 8. Adhesion data for pp—GT thin films at 10, 25, 50, and 75 W.
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The optical image acquired using the microscope and CCD camera for the 10 W sample showed a
significant amount of deformation occurred to the sample upon applying and consequent removal of
the adhesive tape. For the thin films deposited at 25 W, the areas that were not affected by the tape test
appeared uniform and with the increasing of RF power, this uniformity increased. This trend is attributed
to the interfacial bonding that is improved by an increase in cross-link density associated with increasing
applied RF power. These findings provide an insight into the reliability of the pp—GT films.

4. Conclusions

The basic optical properties and optical constants of the pp—GT thin films were investigated by
means of spectroscopic ellipsometry and UV-Vis spectroscopy. The optical constants such as the
refractive index (n), extinction coefficient (k), and optical band gap were determined. The films are
confirmed as optically transparent and independent of RF power. The refractive index and extinction
coefficient of the pp—GT thin films demonstrated very little dependence on RF power and film
thickness. The optical absorption spectra showed that the absorption mechanism is a direct transition.
The independence of the refractive index on the RF power level demonstrates the pp—GT thin films as
an impending optically stable material for optical applications.

AFM investigation demonstrated that the pp—GT films were smooth, uniform and defect-free. The
average roughness parameter decreased with increasing RF power (0.30 for 10 W and 0.21 for 75 W).
In the nanoindentation study, combined effects of loading rate and holding time were investigated. For
the load rates and hold time considered, pp—GT thin films were found to be a function of both the
variables. The unloading portion of the load-displacement curve was found to be strongly dependent
on the holding time. The hardness increased from 0.40 GPa for 10 W to 0.58 GPa for 75 W at a load of
700 uN. Elastic modulus of pp—GT thin film fabricated at 10 W was found to be 4.22 GPa, while
elastic modulus of 5.96 GPa was found for 75 W film. An adhesion study established that the quality
of adhesion is improved for samples fabricated at higher RF power, while the films produced at low
RF power adhered poorly to the substrates. These studies demonstrate that the pp—GT polymer is a
potential candidate for thin film applications in flexible electronics and OPV that entail smooth and
uniform surfaces.
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Abstract: Investigations on the wetting, solubility and chemical composition of plasma
polymer thin films provide an insight into the feasibility of implementing these polymeric
materials in organic electronics, particularly where wet solution processing is involved.
In this study, thin films were prepared from I-isopropyl-4-methyl-1,4-cyclohexadiene
(y-Terpinene) using radio frequency (RF) plasma polymerization. FTIR showed the
polymers to be structurally dissimilar to the original monomer and highly cross-linked,
where the loss of original functional groups and the degree of cross-linking increased with
deposition power. The polymer surfaces were hydrocarbon-rich, with oxygen present in the
form of O—H and C=0 functional groups. The oxygen content decreased with deposition
power, with films becoming more hydrophobic and, thus, less wettable. The advancing and
receding contact angles were investigated, and the water advancing contact angle was found
to increase from 63.14° to 73.53° for thin films prepared with an RF power of 10 W to 75 W.
The wetting envelopes for the surfaces were constructed to enable the prediction of the
surfaces’ wettability for other solvents. The effect of roughness on the wetting behaviour of
the films was insignificant. The polymers were determined to resist solubilization in solvents
commonly used in the deposition of organic semiconducting layers, including chloroform
and chlorobenzene, with higher stability observed in films fabricated at higher RF power.
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1. Introduction

Organic thin film materials have many potential and implemented applications, from biocompatible
and antifouling coatings in medical devices to protective coatings, waveguides and component materials
in optoelectronic devices, such as flexible organic electroluminescent devices (OLED), organic
photovoltaics (OPV) and organic thin film transistors (OTFT) [1-6]. The motivation for using organic
materials stems from their chemical versatility, low cost, low temperature fabrication and ability for
reel-to-reel printing, as well as mechanical flexibility [1]. The attractive synthetic and processing
flexibility of organic materials allows for fine tuning of their properties to achieve a desired combination
of optoelectronic, physicochemical, mechanical and biological characteristics, and controlling the
manner in which these materials interact with relevant liquids [7]. The latter is an important aspect for
optoelectronics and biomedical applications alike. Solution processing of electronic circuits demands
dielectric interlayer stability in organic solvents and strong interfacial adhesion, while the susceptibility
of the coating to the uptake of moisture is critical for OPV encapsulation applications. Surface wetting
by physiological fluids is a key determinant of biocompatibility and degradation under in vitro and
in vivo conditions [1,8]. The surface-solvent kinetics and ensuing degradation of organic materials under
aqueous conditions is an important consideration for biodegradable and compostable electronics, where
it would affect both operational performance and the physical transience of the device [9].

One of the key predictors of surface-solvent interactions, the wetting behaviour at polymer surfaces
and interfaces, is dependent on the nature of the variable length of polymer chains, density fluctuations
and the relatively slow motion of the long chain molecules [10]. Contact angle (CA) analysis is
typically used to obtain primary data from which the degree of wettability for a specific solid-liquid
combination can be inferred [7,11], with lower CAs indicating better wetting compared to larger CAs.
This analysis also provides indirect information about the structure of the film matrix, where observed
changes to 0 at the liquid/solid interface are attributed to specific solid-liquid interaction mechanisms,
such as absorption, spreading and swelling [12]. Fundamentally, wettability is affected by the chemical
composition, topography, rigidity and homogeneity of the surfaces. The chemical composition of the
surface determines its surface energy: whereas surfaces rich in non-polar groups (e.g., —CH,,
with x = 1-3) have low surface energies and, thus, are hydrophobic, surfaces with a high density of polar
groups (e.g., —OH or —C=0) exhibit high surface energies and are hydrophilic [13]. With regard to
surface topography, an increase in the surface roughness enhances the surface hydrophilicity of
hydrophilic materials and hydrophobicity in the case of hydrophobic surfaces [14]. The micro- and
nano-scale variations in the slope on the surface are believed to create physical barriers that directly
affect the motion of the contact line, thus affecting CAs observed at the macro scale. In a similar way,
distinct domains of chemically heterogeneous surfaces, e.g., those with higher hydrophobicity, are
thought to interfere with the motion of the contact angle by hindering the advancement or contraction of
the water front and, thus, increasing or decreasing the observed CA. Several models propose a
relationship between the measured CAs of a given non-ideal surface and its flat, homogenous
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counterpart of the same composition, among them Wenzel and Cassie—Baxter models [15,16]. In the
Wenzel model, the liquid is assumed to be in contact with all of the parts of the irregular surface and is
typically applied to chemically homogenous surfaces, whereas the Cassie-Baxter model places the drop
on the surface protrusions without wetting the entire surface and is believed to be more appropriate for
chemically heterogeneous surfaces.

Recently, growing interest in environmentally-friendly technologies has led to the exploration of
a number of alternative organic source materials, e.g., unprocessed raw agricultural, food and waste
substances [17], and energy-efficient green fabrication methodologies, e.g., plasma-assisted
nanofabrication [18,19]. The key driver of this research therefore rests in the need to support robust and
sustainable economic and societal development, which, in practical terms, means the development of
materials and technologies that are cheaper, more efficient and can address the objectives of modern
societies in an environmentally-sustainable fashion. Most of the existing chemical synthesis processes
used for the fabrication of electronics device components are energy-inefficient and require multi-step
processing and the use of hazardous auxiliary substances, such as organic solvents and catalysts [20].
These synthesis routes often rely on expensive and/or toxic, high purity, non-renewable materials [1].
In addition to using hazardous materials, modern electronic devices also use valuable and scarce
materials, the availability of some of which (e.g., gallium, indium, efc.) is reducing at a high rate [1]. At
the same time, only a limited portion of high-tech waste is recycled, with the bulk of the waste being
deposited into landfills, where it slowly degrades, leaching out potentially harmful by-products.
By using minimally processed, renewable natural resources, such as non-petrochemical oils, e.g.,
essential oils, and highly reactive non-equilibrium dry plasma-based chemistry, it is possible to lower the
environmental footprint and the economic costs of organic electronics and other such technologies
throughout their lifecycle, from their fabrication to their use and disposal [21].

Essential oils are volatile aromatic compounds that are widely used in pharmacological, perfumery
and culinary preparations for their aromatic and medicinal properties. Their availability in commercial
quantities, relative low-cost, renewable nature and minimal toxicity makes them a suitable precursor for
“green” functional materials [22]. As a volatile material, essential oil is well suited to chemical vapour
deposition (CVD), as no carrier gas is required to deliver the monomer into the polymerization chamber.
Using plasma as a catalyst, the oils can be converted into functional polymer thin films in a one-step
process at room temperature, without the need for pre- or post-processing, e.g., annealing, or catalysts.
Unlike most plasma deposited films, plasma polymers of essential oils are optically transparent and
smooth. Over the last few years, thin films from lavender and tea tree essential oils have been developed
and identified as promising candidates for applications in electronics, as dielectric and encapsulation
layers [23—-27]. Plasma polymers of terpinen-4-ol also display a valuable and rare electron blocking
hole-transporting property that is very attractive for OLEDs [27]. Versatile biological activity, including
antibacterial activity against drug-resistant strains of Staphylococcus, Streptococcus and Candida
species, also makes essential oils an attractive candidate for the fabrication of antibacterial and
biocompatible implantable systems, including implantable electronics [28].

This paper reports the fabrication of polymer thin films from 1-isopropyl-4-methyl-1,4-cyclohexadiene,
also known as y-Terpinene, using RF plasma polymerization. y-Terpinene is an isomeric hydrocarbon
distilled directly from Melaleuca alternifolia essential oil and used extensively in cosmetics and
cleaning products for its aromatic and medicinal properties. While y-Terpinene has been determined as a
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component in plants using many quantitative analysis methods [29,30], it had not been studied
extensively as the main topic compound [31]. However, recent investigations of y-Terpinene revealed
that the optical properties of the fabricated plasma-polymerized y-Terpinene (pp—GT) thin films are
promising, with transparency to the optical wavelengths and refractive index of 1.57-1.58
(at 500 nm) [26]. It is reported that these polymers possess an optical band gap (£,) of ~3 eV that falls
into the insulating £, region. Independent of deposition conditions, the surfaces are smooth and
defect-free, with uniformly distributed morphological features and average roughness well below
0.30 nm [26]. The optical and surface characteristics suggest that the pp—GT thin films have the potential
to be implemented in optoelectronic and insulating applications. This paper focuses on the wetting,
solubility and chemical characteristics of these films and the compatibility of the material with solvents
typically utilized in the manufacturing of organic electronic devices, with the intention to use these films
in OPVs, especially as encapsulation coatings and insulating layers in flexible electronics.

2. Experimental Section
2.1. Preparation of Thin Films

Thin film samples were deposited on high quality glass microscope slides using a custom-made RF
polymerization chamber, 0.75 m in length with an inner diameter of 0.055 m (volume of 0.0035 m”).
RF power is delivered to the system via an ENI RF generator at 13.56 MHz through a matching network
and capacitively coupled copper electrodes. The copper electrodes were placed 0.11 m from the
monomer inlet and 0.1 m apart, with the active electrode closest to the monomer inlet. The electrode
configuration used was based on the uniformity of the RF discharge it produced and the corresponding
uniformity of resulting thin films for the particular reaction chamber utilized throughout this work.

Prior to deposition, the substrates were thoroughly washed in extran, cleaned ultrasonically in water,
rinsed in isopropanol and distilled water, air dried and placed in the reaction chamber. For each
deposition, 5 mL of y-Terpinene (GT) monomer was used. The chamber was evacuated to a pressure of
~100 mTorr, at which stage the monomer inlet was opened to allow the monomer to evaporate. Argon
gas was then used to flush the chamber for 1 min at a pressure of 1000 mTorr to remove residual
background gas and ensure an oxygen-free surface. The chamber was then evacuated to 100 mTorr, at
which stage the monomer inlet was closed, and RF glow (10, 25, 50 and 75 W) was initiated. The
monomer-free plasma state was maintained for 2 min to stabilize the pressure, as well as to etch potential
residual contaminants from the surface of the substrate. Once the pressure had reached 150 mTorr, the
monomer inlet was opened, beginning the deposition. The flow rate was controlled via a vacuum
stopcock and was estimated to be 1.57 cm®/min by employing the procedure outlined by Gengenbach
and Griesser [32].

Following the aforementioned experimental procedure, plasma polymer thin films were fabricated
from y-Terpinene (GT) monomer (Figure 1) at various RF power levels (10, 25, 50 and 75 W) and
an ambient temperature of 20 °C. pp—GT thin-films were examined over the wavelength range
190-1000 nm using a variable angle spectroscopic ellipsometer (model M-2000, J.A. Woollam Co., Inc.,
Lincoln, NE, USA). Ellipsometric parameters ¥ and A were obtained at three different angles of
incidence, @ = 55°, 60° and 65°. In addition, the transmission data were also collected. ¥ and A were
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used to derive the optical constants based on a multilayer model consisting of a previously modelled
substrate and Cauchy layer built in the J.A. Woollam Inc. analysis software (WVASE32) [33] via
regression analysis. The quality of the fit was measured quantitatively by determining the mean-squared
error and through the use of the correlation matrix. Gaussian oscillators were employed within the model
to provide an optimal fit of the data, with a lower mean square error and lower average correlation
between fitting terms. A more detailed review of the procedure has been reported elsewhere [34].
Samples for Fourier transform infrared (FTIR) and CA measurements were deposited for 30 min to
obtain films of ~700 nm thickness. Depositions were performed for 45 min to obtain films of ~1 pm for
atomic force microscope (AFM) measurements.

Figure 1. Conformers of I-isopropyl-4-methyl-1,4-cyclohexadiene resulting from the
rotation about the C'—C' bond, adapted from [35].

}"1 /,

2.2. Chemical Characterization

FTIR spectroscopy was carried out for the chemical characterization of the y-Terpinene monomer
and the pp—GT thin films using a Perkin Elmer Spectrum 100 FTIR spectrometer. Spectra were obtained
in transmission mode in the region of 4000-500 cm ', where 32 scans were acquired for each sample at
a resolution of 1 cm . Contributions from CO; and H,O were eliminated from the spectra by a
background subtraction procedure, where the background was pre-recorded under the same
atmospheric conditions.

The surface chemistry of the deposited samples was further analysed by XPS on a SPECS SAGE XPS
system equipped with a Phoibos 150 hemispherical analyser and an MCD-9 detector.
The background pressure was held at 2 x 10~° Pa during experiments. For wide scan spectra and high
resolution scans of the C 1s peak, an Mg Ka X-ray source was used (hv = 1253.6 eV), operated at 10 kV
and 20 mA (200 W). Measurements were performed with a pass energy of 100 eV, and 0.5 eV energy
steps were used for wide scan spectra, while 20 eV pass energy and 0.1 eV energy steps were used for
high resolution scans. Spectra were analysed using CasaXPS (Case Software Ltd, Teignmouth, UK).
Synthetic peaks were fitted to the C 1s envelops following the methodology of Beamson and Briggs [36]
with the spectra correction for charging effects during analysis using a reference value of 285 eV, the
binding energy of the C—C component from neutral hydrocarbon [37]. The analysis area was circular
with a diameter of 5Smm, and spectra were acquired at a take-off angle of 90°.The full width at half
maximum (FWHM) of the C 1s synthetic peaks remained constant at 1.5 eV.

2.3. Contact Angle (CA) Measurements

Static and dynamic CAs (using water, dilodomethane (DIM) and ethylene glycol (EG) as probing
liquids) of pp—GT thin films are measured. Static CAs are commonly used in calculations of surface
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tension parameters. However, they may not provide a reliable description of a non-ideal surface, i.e., that
is chemically and/or morphologically heterogeneous. Plasma-modified and plasma-polymerized
surfaces are often characterized by both chemical and morphological heterogeneity [38]. Non-ideal
surfaces typically display hysteresis, which can be estimated by measuring advancing and receding CAs.

CA measurements were performed using a KSV 101 system and a micrometre syringe with a narrow
diameter stainless steel needle. The static CA was measured by the sessile drop method, whereby a drop
of probing liquid was gently placed onto the thin film surface. The apex of each drop was confirmed
using a CCD camera prior to each measurement to ensure consistency in drop volume (8 pL). The
evolution of the CA (0, the angle between the baseline of the drop and the tangent at the drop boundary),
the droplet volume (¥, pL), the droplet surface area (4, mm?), the droplet height (%, mm) and the droplet
basal diameter (2r, mm) were monitored using a software-assisted image-processing procedure. The
reported values are an average of a minimum of seven measurements taken for each examined surface.

Advancing and receding contact angles were measured using the dynamic sessile drop technique.
First, a sessile drop of probe liquid of known volume was placed on the surface of the sample, ensuring
that the needle remained in the drop during the measurement to avoid undesired vibration. The drop was
then modified by slowly adding volume, with the advancing angle estimated as the largest contact angle
possible without increasing its solid/liquid interfacial area. The receding angle was estimated as the
minimum possible angle that can be achieved by slowly removing the probe liquid from the drop without
decreasing the drop’s contact area. Both the advancing and receding angle were estimated as the average
of the angles on both sides of the drop profile. Contact angle hysteresis (CAH) was estimated as the
difference between the advancing and receding angle.

The presence of the needle is known to distort the contour line of the drop, due to the interactions
between the surface of the needle and the liquid with the drop. The distortion of the drop shape is more
prominent in the case of receding angles, where the needle’s receding angle tends to pull the drop up
around the needle. This distortion may result in significant errors [39].

2.4. Surface Free Energy Analysis

There are several widely applied approaches for the determination of the solid surface free energy
and its components from CA measurements [40]. Most theories of solid surface energy have a basis in
Young’s equation that employs the equilibrium CA, where the solid is considered close to ideal. The
ideal surface is one that is chemically and morphologically homogenous, and thus, CAH is assumed to
be absent or negligible.

For the non-ideal surfaces that are chemically and morphologically inhomogeneous, with a measurable,
substantial CAH, the apparent surface free energy ysyv and other interfacial interaction parameters,
adhesive film tension /7, work of adhesion W, and work of spreading Ws, can be derived from the
CAH approach developed by Chibowski [41] with only three measurable quantities: the surface
tension of the probe liquid yLv and its advancing 64 and receding Og CA hysteresis (CAH = 65 — OR).
The solid surface free energy ysr can be expressed by the following relation [41]:

Ysg = Ysv + 11 (M

Il = ypy(cosBr — cos0,) 2)
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The apparent, total surface free energy of a solid ysy (= ysr) can be expressed as [41]:

I1(1 + cosB,)?
Ysv = 2 2 (3)
(1 + cosBr)* — (1 + cosB,)

CAH can be related to the work of spreading Ws of liquid on the polymer surface. Ws is
a thermodynamic quantity that relates the wettability to the mechanical strength of adhesion. It enables
one to characterize the competition between solid-liquid adhesions with different liquids [40]. Wscan
be easily calculated from the work of adhesion W, and the work of cohesion W¢:

Ws == WA - WC (4)

where Wx =vyrv (1 + cos0,) and W = 2yLy [40].

For surfaces that are chemically heterogeneous, but very smooth, the experimentally observed
advancing CA 0, might be expected to be a good approximation of Young’s CA 60y, whereas the
experimental receding angle, O, is expected to have less reproducibility, due to liquid sorption or solid
swelling [39]. With the assumption of 65 = 0y = 0, the surface free energy can be calculated by means of
the van Oss’ adaptation of Young’s theory [42,43]. The quantitative determination of all of the surface
thermodynamic properties of the polymer coatings was performed using the Young-Dupré equation [43]:

(1+ cosB,)y. = 2(\/y]§WyIﬂW + \/Y;Yf + \/YS—YE) (5)

where 0, is the advancing CA (°), yr is the surface tension (SFT) of the liquid in contact with the solid
surface (mJ/m?), yEW is the apolar component (Lifshitz—van der Waals [LW]) of the SFT of the liquid
(mJ/m®), y{ is the electron-acceptor parameter of the polar component (acid-base [AB]) of the liquid
(mJ/m®), y{ is the electron-donor parameter of the polar component (AB) of the liquid (mJ/m?), yxW is
the apolar component (LW) of the surface energy of the solid (mJ/m?), y& is the electron-acceptor
parameter of the polar component (AB) of the solid (mJ/m?) and y;5 is the electron-donor parameter of
the polar component (AB) of the solid (mJ/m?).

The interface interaction of the polymer and the solvent is determined from their interfacial tension
v12 using the following equation [43]:

AGio =2y12 (6)

where AGyy; is the free energy change. In the case of two completely miscible substances, where the
interfacial tension cannot be measured directly, v, can be calculated using the following equation:

Yiz = ( /Y%W — [yi")* + Z(JYIYI + \/\GYE - JYTYE — \/YIYD (7)

In case of two completely immiscible substances (or any given solid-liquid system), the interfacial

tension can be derived directly from the measured contact angle 0:
YsL = Ys — YL cosb (8)

There are several other methods for obtaining surface tension values; however, the appropriateness
of these methods for the probing of particular polymer/solvent combinations remains a subject of
debate [44-46]. Fowkes [47] and Neumann’s [44,48] approaches were chosen in this study to provide
a basis for comparison.
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Fowkes method is commonly used for the determination of the surface free energy of polymeric
materials [49]. Two-phase systems are investigated that contain a substance (solid or liquid) in which
only the dispersion interactions appear. Considering such systems, Fowkes determined the surface free
energy corresponding to the solid-liquid interface using the following equation [49]:

Ysi. = Vs + vL — 2(y§VyEW)os (9)

According to Fowkes [50,51], the combination of Equations (8) and (9) yields the formula that
enables one to calculate the surface free energy of a solid for which ys = vV is valid [49]:

Ys =vs" =vi(1+ cos8)?/4yp" (10)
If the measuring liquid is a dispersive one (y;, = y="W), Equation (10) simplifies to:
¥s = Y8V = 0.25y.,(1 + cosB)? (11)

To determine yg of any solid, the CA for the solid is measured using the dispersion liquid.
Then, y5W is calculated from Equation (11). Next, the CA (8p) is measured using a liquid for which

v = YEW + yPB. The y4B can be estimated using [49]:
0.5
Y4B = [0.5y,(1 + cos8,) — (YEWyEW) 712 /yRE (12)

Fowkes method is based on the independence and additivity of the dispersion and polar
interactions [49]. On the other hand, Neumann’s approach derives the SFT from a purely
thermodynamic point of view and, therefore, neglects the molecular origins of SFT [7]. However, this
is the only theory that allows the calculations to be done by using just one probing liquid.
The following equation provides a method for calculating the surface energy of a solid from a single

CA value [44,48]:
0=—1+42 |¥5a-BaL-vs)?
cos -1+ Ze (13)

where [ is an experimentally-derived constant (B = 0.0001247) [49].
2.5. Determination of Roughness and Wetting Behaviour of Surfaces

To analyse the effect of surface roughness on the wetting properties of the pp—GT thin films, the
polymer was deposited on glass, silicon (Si), silicon dioxide (SiO;) and indium tin oxide (ITO)
substrates using RF plasma polymerization at 75 W RF power. The surface morphology and roughness
parameters of the films were determined from AFM images acquired on a NT-MDT NTEGRA Prima
AFM operating in semi-contact (tapping) mode, using (NSC05, NT-MDT) cantilevers with a spring
constant of 11 N/m, a tip radius of curvature of 10 nm, an aspect ratio of 10:1 and a resonance frequency
of 150 KHz. 3D interactive visualization and statistical approximation was used to analyse the
topographic profiles of the surfaces. Scanning was performed perpendicular to the axis of the cantilever
at a rate of typically 1 Hz, with scan areas of 1 um % 1 um, 10 pm x 10 um and 50 pm x 50 pm.
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3. Results and Discussion
3.1. Chemical Analysis of pp—GT Films

The monomer, 1-isopropyl-4-methyl-1,4-cyclohexadiene (C;oH;¢), belongs to the group of monocyclic
Terpinenes commonly designated as monoterpenes. It contains two double bonds in its ring-structure,
which are not conjugated (1,4-diene group).

Due to the highly unsaturated nature of cyclohexa-1,4-diene with its 4 sp” carbon atoms, y-Terpinene is
considered almost planar. The molecular structure is characterized by one conformationally relevant
internal rotation axis (C'-C’), which allows for the formation of various conformations (Figure 1).
Density functional theory (DFT) calculations conducted by Marzec and co-workers led to the
identification of three minima on the molecule’s potential energy surface [35]. According to the
orientation of the C>~C'-C’-H’ dihedral angle (a), the conformers were named trans, gauche+ and
gauche—. The gauche+ (a = 47.5°) and gauche— (o = —47.5°) conformers (C;) are mirror images,
while the trans-like (. = 180.0°) conformer has Cs symmetry. Since different conformations characterize
the amount and type of contact between adjacent atoms or groups, these data are important for defining
the macroscopic properties of the material.

The IR spectra of the monomer, 1-isopropyl-4-methyl-1,4-cyclohexadiene, and the various pp—GT
thin films are shown in Figure 2. Characteristic IR vibrations are summarized in Table 1. For the
monomer, multiple C—H stretching vibrations were found as a strong signal between 2818 and
2960 cm ', whereas the corresponding C—H bending vibrations appeared as broad signals and with weak
to medium intensities in the range of 1300 to 1466 cm ', confirming the population of various
conformers [35]. The stretching vibrations of the C—C bonds were observed in the fingerprint region
below 1200 cm™ . In contrast, no clear stretching vibrations of the C=C bonds could be observed. The
data collected was in agreement with some previous publications reporting the interpretation of
vibrational spectra of 1-isopropyl-4-methyl-1,4-cyclohexadiene [52,53]. Comparing the IR spectra for
the pp—GT thin films with that of the monomer, it is evident that the number of absorption frequencies in
the spectra has reduced significantly upon polymerization, particularly in the fingerprint region of the
spectrum (1500 cm™' and below). Peaks also broadened for the pp—GT thin films, indicating very high
degrees of polymerization. This is further supported by the disappearance of the =C—H vibration at
3088 cm .

Electron-generated dissociation of GT monomer (rather than thermally excited or by direct chemical
reaction) forces the input RF power to strongly affect the nature of the chemically-reactive species that
engage in polymerization and film formation. Considering the bond strengths for
1-isopropyl-4-methyl-1,4-cyclohexadiene, the C—C single bonds are likely to dissociate first to form
reactive fragments. Dissociation of higher energy bonds will occur when RF power is increased, and
hence, the resultant fragmentation of the precursor molecule and subsequent crosslinking will increase.
The double bonds in 1-isopropyl-4-methyl-1,4-cyclohexadiene are likely to undergo saturation through
a reaction with these reactive fragments. Furthermore, the temperature of the substrate will also increase
as a result of the exposure of the substrate to a large amount of energy. This will result in a reduction in
the retention of the original precursor moieties [54].
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Figure 2. FTIR spectra (% transmittance vs. wavenumber, cm ') for y-Terpinene monomer
and pp—GT thin films.
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Table 1. FTIR assignments for y-Terpinene monomer and plasma-polymerized y-Terpinene
(pp—GT) films, adapted from [55].

Group Frequency, cm™

Assignment :
Monomer pp—-GT Films
v (OH) of water absent 3416 (medium to weak)
v (=C-H) 3088 (weak) absent
v (C-H) 2818-2960 (medium to strong) 2872-2960 (strong)
v (C=0) absent 1707 (medium to weak, broad)
d(C-H) 1300-1466 (medium to weak) 1377, 1456 (medium, broad)
v(C-0O) 947-1161 (strong to weak) unresolved or absent
o (C-H) 781 (strong), 815 (medium) 815 (medium to absent)

Vibrational modes: v = stretching, 6 = bending, ® = out of plane bending.

536

A broad absorbance band emerged at 3416 cm™' (Figure 2) in the pp—GT spectrum that is considered

to be the O—H stretching vibration of residual water. This is further supported by the absence of a C-O

vibration. The infrared band associated with C—H stretching vibrations observed for the monomer also

remained for the polymeric films; their intensity broadened, thus suggesting high degrees of

cross-linking. Absorptions corresponding to C—H bending vibrations (between 1300 and 1466 cm ™)

decreased in magnitude and broadened with higher input RF power. Likewise, skeletal C—C vibrations

between 947 and 1161 cm™' vanished completely. A peak emerged at 1707 cm ™', indicating the presence
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of carbonyl groups (C=O stretch), which were presumably formed from the reactions of radical
intermediates with residual molecular oxygen and subsequent decompositions. The peak, however,
decreased and eventually almost disappeared with higher RF power, possibly due to increased
fragmentations and combinations of the carbon skeleton under these extreme conditions. The presence
of C=0 bonds in the polymer films obtained at lower powers aligns with the differences in the properties
of these materials. In general, polymer materials containing C=0 (and —OH) groups are characterized by
a high-dielectric constant, because of their high polarizability [56] and lower hydrophobicity. In
addition, these polymers are likely to be more unstable (chemically and mechanically) compared to
hydrocarbon polymers, as C=0O (and —OH) bonds allow increased interactions with polar solvents. The
CA investigations in this study revealed that pp—GT films deposited at lower RF power were indeed less
stable when in contact with common processing solvents, such as acetone or alcohol. The reduction or
complete disappearance of the C=0 moiety renders pp—GT more stable.

The FTIR findings are consistent with the results of elemental analysis (X-ray photoelectron
spectroscopy (XPS)) of pp—GT thin films deposited at various RF power levels. The oxygen content
significantly decreased from 11.8% to 2.1%, while the carbon fraction increased from 88.2% to 97.8%
with RF deposition power increasing from 10 to 50 W (Table 2). This result showed a substantial
reduction in magnitude of the H-bonded O—H stretch-related band for pp—GT fabricated under higher RF
power conditions.

Table 2. Elemental composition of pp—GT thin films deposited at various RF power.

Atomic Fraction, %
1I0W 25W S0W

Ols 11.8 5.3 2.1
Cls 882 94.7 97.8

Peaks

3.2. Contact Angle and Wettability

A CAH approach provides several parameters listed in Table 3, useful in quantitative evaluations of
water/solid surface interactions. An increase in deposition power resulted in a greater values for the
advancing CA and W, and smaller values for the receding CA, CAH, ysy and Ws. The relatively low
receding CA reflects higher liquid sorption and/or solid swelling observed in the films fabricated at
lower RF power [39]. The relatively low CAH for films fabricated at high RF power may be the result
of the lower content of unsaturated double bonds in the pp—GT films and the film being more
chemically homogenous [57]. At high RF power, intense fragmentation takes place and a very little
amount of the original monomer/oligomeric units get integrated into the film structure. At this condition,
the plasma-polymerized film is also highly cross-linked, which prevents the rotational motion of the
surface moieties away from the surface towards the bulk of the film. The low CAH for 75-W film is
also consistent with the low surface roughness, which, in earlier investigations, was found to decrease
with deposition power [26]. CAH increases, as the RF power is decreased, which might be attributed to
the higher content of unsaturated double bonds in the pp—GT films and loose cross-linking [57].
Incorporation of many monomer and oligomer units also takes place during this process at low RF
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power. These may lead to a decrease in the homogenous surface chemical composition and an increase
in surface roughness with the decrease in RF power.

Table 3. Wettability parameters of pp—GT thin films deposited at various RF power derived
from contact angle hysteresis (CAH).

RF Power, W 0,4, ° Or,° CAH,° vysy(mJ'm?) W,mI-m?) Ws(@mJ-m?)
10 63.14 8.28 54.86 44.60 105.69 -39.91
25 69.25 17.43 51.82 40.27 98.59 -47.01
50 72.98 29.15 43.83 38.39 94.11 -51.49
75 73.53 36 37.53 38.91 93.44 -52.16

Dynamic CAs determined using other probing liquids, e.g., DIM and EG, showed similar trends.

The surface hydrophobicity/hydrophilicity of the pp—GT films of different RF power levels for
different solvents based on the static CA measurements are summarized in Table 4. Independent of
thickness, the application of the pp—GT coating affected the static CA values for all three probing liquid
(p < 0.05): water, EG and DIM. According to Olivares-Navarrete et al. [58] a similar phenomenon is
observed for Niobium coatings. Significant differences in static CAs were observed in the case of water
for pp—GT films fabricated at different RF power. In all other cases, CA values were found in the

Same range.

Table 4. Static CAs for pp—GT thin film surfaces. DIM, diiodomethane.

CA£8D,°
Sample, W
Water Ethylene Glycol DIM
10 61.03+1.79 36.29 £ 2.56 36.56 +1.29
25 68.93 +0.88 37.44 +2.03 3647 £2.24
50 72.72 £1.47 41.97 £3.60 36.58 +£2.01
75 80.72 + 1.94 4933 £1.25 38.70 +£3.45

The static CA data presents important information regarding interactions between the surface and the
liquid system. A relatively high rate of change in the water CA signifies the reorientation of
functionalities at the solid-solvent interface [59]. From the raw data for EG (Figure 3), an initial rapid
drop in CA was attributed to the absorption of the solvent into the pp—GT thin film. Subsequently, the
CA remained relatively stable for the duration of recording. While this rate of change was considered
insignificant, the positive ramp suggested the occurrence of the reorientation of functionalities at the
interface. For the DIM data, all of the films were stable with time, and the highest CA was found for
films fabricated at 75 W. These results indicate that pp—GT is more stable as the RF power is increased,
due to an increase in the degree of cross-link density associated with these deposition conditions [7].

The initial water CAs, 0y suggested that pp—GT thin films deposited at higher RF power were more
hydrophobic compared to the films fabricated at lower RF power, with CAs of 61.0° (10 W) and 80.7°
(75 W). This was attributed to the reduction of hydrophilic moieties at the top surface of the polymer and
the decrease in the oxygen content associated with the higher deposition power.
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Figure 3. Representative static CA curves for pp—GT thin films for (a) water; (b) EG and (¢) DIM.
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Investigating the evolution of the droplet profile may also be appropriate and meaningful to
determine the wetting behaviour of thin films, especially if supported by considerations accounting for
the phenomena involved at the solid/liquid interface [12]. The relationship between CA and the relevant

surface phenomena can be simplified by the following general expression:

6(t) = Zn:fi(t)

where each fi(?) is related to one of the n independent phenomena involved (e.g., absorption, spreading,
swelling and evaporation of the water drop). The derivative of 6(¢#) can be used to compute the 0
evolution rate and predict the time required to reach the steady-state condition, (A8/At) = 0.

n
A6
At

i=1

Z Afi(t)

At

(14)

(15)
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The phenomena involved at the water droplet-polymer interface can also be profitably investigated by
using a suitable image analysis procedure [12]. A reliable description of droplet evolution that depends
on two major effects, namely, absorption and spreading, can be determined from a combined
trigonometric (detection of 8) and geometric (changes in the droplet shape) approach. The absorption
effect can be described as the sinking of the water droplet beneath the contact surface, with decreases in
its volume (/) and contact area, but the volume is not affected in case of spreading effect, although it
widens the contact area [12]. In this work, the detection of 0 and the shape parameters (droplet height h,
basal radius r, contact area and droplet volume V) determined by image analysis were used to describe
absorption and spreading quantitatively, as well as their correlation with the surface topography of
the films.

The evaporation of a sessile droplet can go through four consecutive stages: (i) spreading until the
value of static advancing CA 1is reached; (ii) evaporation proceeds with a constant contact area and
decreasing CA, until it reaches the receding value; (iii) evaporation with a constant receding CA and
decreasing radius of the contact line; and (iv) evaporation with a decrease of both the radius of the
contact line and CA until the droplet disappears. During Stage (i), the evaporation can be
neglected [60]. In the present work, the contribution of evaporation to the total water droplet kinetics
was examined directly by measuring the CA on pp—GT thin films. For films fabricated at 50 and 75 W,
spreading phenomena was found to be in effect until static CA of 69.9° and 78.0° was reached. No
significant difference between the water droplet volume values (Table 4) was found throughout the
analysis. The effect of evaporation is therefore considered to be negligible for pp—GT thin films
fabricated at 50- and 75-W RF power. The same trend was observed in case of poly(ethylene
terephthalate) (PET) [12].

Given the negligible evaporation effects, the CA evolution was considered to be related to changes in
the droplet volume and the solid/liquid surface contact area for all pp—GT thin films tested in this work.
This would indicate that, at least at the early stages, two different physicochemical phenomena are
occurring at the solid/liquid interface: absorption and spreading. At first glance, rather large differences
in O were observed within the first 30 s for the 10- and 25-W polymer thin films, which were confirmed
by the data reported in Table 5 and by Figure 4.

The water droplet profile began to change once the droplet was in contact with the 10-W polymer thin
film. Figure 4 shows that over the period of 0—10 s, the perceptible increase in the solid/liquid contact
area on the pp—GT film fabricated at 10 W was accompanied by a decrease in volume, possibly because
of the spontaneous diffusion of water inside the thin film via absorption. The drop surface area data
suggests that, after this early phase, spreading began to take place and contributed to the overall kinetics
of the evolution of the droplet profile. Both the absorption and spreading phenomena then continued to
contribute, until the end of the 30-s period of analysis. The 25-W pp—GT thin film showed the same
phenomena over the 0—10-s period. There was an early interaction of the surface and water that is
evident from the increased drop surface area (Figure 4). After this early phase, the solid/liquid contact
area remained stable for the remainder of the period of analysis. However, a decrease in volume suggests
the evaporation phenomenon for that period of analysis.
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Table 5. Main parameters derived from static water CA measurement of pp—GT thin films.

RF Power, W AB0.40, ° * AV 0.0, pL " AA Go.0, mm*© Phenomenon
10 —8.91+0.72 —0.08 + 0.07 0.51+0.79 Absorption + spreading
25 =5.67+1.09 —0.08 £ 0.05 0.15+£0.27 Absorption + evaporation
50 —4.47 +0.44 —0.07+0.05 0.05+0.11 Evaporation
75 —4.16+0.03 —0.06 £ 0.01 —0.04 +0.02 Evaporation

* The CA variation during the time of analysis (30 s); ° water droplet volume variation; ¢ drop surface

area variation.

Figure 4. Solid/liquid contact area (mm?) evolution over time (30 s) for pp—GT thin films.
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Figure 5 illustrates that curves for the pp—GT thin films fabricated at 10 W and 25 W could not attain
a zero-order-rate state at the end of the 30-s analysis. Both absorption and spreading were therefore still

occurring at the end of the analysis period at the solid/liquid interface.

Figure 5. The first derivative of the curves of static water CA evolution during the 30-s

period of analysis.
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The water droplet profile of 50- and 75-W polymer thin films did not change substantially during the
30-s analysis, although the difference between 0y and 03p was statistically significant (p < 0.05)
(Table 4). According to the literature, these observations may be due to two factors: (i) the inclination of the
water droplet to minimize its surface area when interacting with the polymer surface, which is capable of
changing its free energy through the reorientation of certain polymer chains exposed at the solid/air
interface [61]; and (ii) molecular conformation changes. The preferred orientation of functional groups
could justify the 0 values, as well as the decrease in the drop surface area (Figures 4 and 6).

Figure 6. Experimental heights of the droplet on pp—GT thin films.
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3.3. Contact Angle/Image Analysis Combined Approach

To gain information on the main driving forces governing drop evolution on pp—GT thin film
surfaces, such as absorption, spreading, swelling and evaporation, and to determine their individual
contributions to the overall wetting phenomenon, a combined CA/image analysis approach was adopted
that enabled the spherical condition of the dome formed by the droplet at the solid/liquid interface to
be assessed.

The shape of the water droplets changed with time, and pp—GT thin film fabricated at 10 W showed
the most profound change observed from the CCD camera images. Physicochemical features of 10 W
films and the inherent structural flexibility can explain this phenomenon. These two factors are
recognized as crucial factors in aggregation on the molecular level [62]. The 10-W pp—GT thin films also
showed the largest variations for both spreading and absorption. However, smaller effects were observed
for 75-W films, where the evaporation phenomenon was detected, but was almost negligible
(A4 =-0.01 mm?). An indication of this is also provided in Figure 6, where the experimental heights of
the water droplet are displayed.

As noticeable from Figure 6, the height of the water droplet on pp—GT thin film fabricated at 10 W
dropped further and at a faster rate compared to the respective heights of droplets on films fabricated at
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other RF powers. This may be due to the wider and deeper undulations present in the 10 W film (Figure 7)
compared to the films fabricated at 25, 50 and 75 W.

Figure 7. AFM image (1 x 1 pm?) of the pp—GT film fabricated at 10 W.

3.4. Effect of Surface Roughness on Wettability

Wetting of a surface by a liquid is influenced by the roughness of that surface [15]. Thin films of
pp—GT were deposited at 75-W RF power on topographically-distinct surfaces of glass, Si, Si0, and ITO
substrates to attain chemically similar, but morphologically different, pp—GT surfaces and, thus, to
investigate the influence of roughness on the wetting properties of the material. Surface roughness was
characterized by AFM, with the corresponding roughness values shown in Table 6. After the surface
roughness characterization, wetting studies by CA measurements were carried out using the sessile drop
technique, as described in the Experimental Section. A CA correlation with surface roughness, as

determined by AFM, is evident from these results.

Table 6. RMS roughness and CA values of pp—GT thin films deposited on different substrates.

Substrate RMS Roughness £+ SD,nm CA = SD, °

Glass 0.30+1.51 80.72 £ 1.94
Si0, 5.06 +£1.03 81.95+0.98

Si 7.14+1.58 82.08 £ 1.54
ITO 13.94 +1.27 83.80 £ 1.47

The measurement of the water CAs on the pp—GT films deposited on glass and SiO, substrates show
a virtually constant or a very small increase in the static CA values (Table 6), while films deposited on Si
and ITO present an increase by 2°—4°. This tendency, even if very small, confirms that the water CAs
increase with the surface roughness. As expected from this limited variation in roughness, the variation
range in the water CAs reported for pp—GT thin films was very small. The results from this work also
show that surface roughness influences the wetting of the pp—GT, even at extremely low Ry values.
Busscher et al. [63] and Hitchcock et al. [64] reported similar effects of roughness on the wettability of
several polymers. The effect of surface roughness on the wettability of pp—GT is therefore needed to be

considered for potential applications.
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3.5. Surface Tension (SFT) Parameters

SFT parameters for pp—GT thin films fabricated at different RF power levels were derived using the
Van Oss-Chaudhury-Good (VCG), Fowkes and Neumann approach and are summarized in Table 7. The
CA data obtained for the solvents, together with the widely-used SFT parameters for water, DIM and
EG [65] were employed in this study.

Table 7. The surface tension (SFT) components obtained via VCG, Fowkes and Neumann’s
approach for pp—GT thin films.

Approach SFT Components, mJ/m’ Solvent 1I0W 25W S0W 75W
e - 413 413 413 403
yAB - 3.4 3.7 2.7 1.6
VCG v+ - 0.2 0.3 0.2 0.1
Y- - 19.1 10.9 8.7 4.5
Ys — 44.7 45 44 41.8
Fowkes Ys 52.6 488  47.1 43.4
water 40.1 33.6 306 245
Neumann Ys DIM 39.1 38.6 36.5 32.7
EG 41.3 413 413 40.3

Most monopolar materials are water soluble [65] and their values of y are relatively large. For all
pp—GT thin films, y was significantly higher than y', indicating a monopolar nature. It is possible to
use these values of y to determine an upper limit above which solubility will occur. Van Oss et al. [66]
demonstrated that for a given Solute 1 (monopolar surface 1)-solvent 2 (bipolar) combination,
the following equation can provide that limit:

vigT = ( /Y%W - [yiV)2 + 2(\/v1+v5 - \/YIYZ) (16)

Employing y5" ~ 40 m]/m?, it was found that Equation (5) becomes negative. Interfacial tension

therefore becomes negative for y; > 28.31 mJ/m”. A negative interfacial tension between the material
and water indicates the possibility of the penetration of water into the material, leading to repulsion
between the molecules or particles and promoting solubilisation [66]. The pp—GT thin films have
Yy < 28.31 mJ/m” (Table 6). The films are therefore not water soluble. The 75-W film gave the lowest
vy value, indicating that the hydrophobicity of the polymer increased with RF power.

The results obtained using Fowkes approach roughly compare with those obtained via VCG and
Neumann’s approaches. However, the VCG and Fowkes approaches are expected to be more accurate,
as they require more than one CA measurements to determine SFT values. There was some variance in
the values obtained using Neumann’s approach between different solvents for each polymer film
(Table 6). These values are smaller than those found with VCG approach, with the exception of the
values for DIM. The total SFT (y,) was found between 41 and 45 mJ-m "~ for all samples investigated
using the VCG approach. Values between 43 and 52 mJ-m > were found using the Fowkes approach.
This is similar to the value of ~44 mJ-m* for PET obtained by Wu et al. [67], as well as 42 mJ-m ~ for
PMMA. The values are also consistent with those reported for plasma thin films deposited from other
secondary plant metabolites, where total SFTs of 4548, 36-40 and 31-37 mJ-m * were found for thin
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films derived from linalyl acetate [68], Lavandula angustifolia essential oil [7] and terpinen-4-ol [69],
respectively.

3.6. Wetting Behavior

The wettability of each solution on the pp—GT surface can be quantified by computing the spreading
parameter AW = yr(cos® — 1) [70]. It shows the extent to which the liquid will adhere to the surface
relative to itself and, hence, indicates the ability of a liquid drop to stick to the solid surface during
solution processing [71].

The pp—GT thin films fabricated at low RF power were characterized by increased wettability
(Table 8). It is also observed that EG and DIM wets the pp—GT surface better than water. At 6 = 0° and
AW =0, the liquid can adhere well to the surface of the solid, and hence, complete wetting is observed. It
is to be noted that the value of the work of spreading, Ws determined from the advancing and receding
CAs are almost similar to the values of AW (calculated in this section), which gives the validation of
the investigation.

Table 8. Spreading parameter (AW, mN/m) of pp—GT thin films.

Solvent 10W 25W SOW 75W
Water —-37.54 —-46.63 -51.18 -61.10
EG -931 -9.89 -1231 -16.72
DIM -9.99 -995 -10.00 -11.15

Another important illustration of the wetting behaviour of liquids on the pp—GT thin film surface can
be performed from their wetting envelopes. These are the lines of constant equilibrium CA on a plot of
the polar fraction (YPB) versus the dispersive fraction (yL"V) of the liquid determined from the
following equation [68]:

(1 + cos8,)y = 2(\/ngth + \/Y‘SBY’QB) (17)

Figure 8 demonstrates the degree to which various liquids wet the pp—GT film surfaces fabricated at
different RF power if y2B and y-Ware known. It also illustrates the surface properties of ideal liquids
for solution processing on the pp—GT thin films. By placing a boundary on the curve at a CA of 0°,
complete wetting behavior can be determined. Liquids with surface energy components that lie above
the line of 8 = 40° will not wet the surfaces of pp—GT films sufficiently to enable suitable film formation
from solution processing [71]. The points for water are lying on or between the 60° and 80° contour of
the pp—GT wetting envelope, which means that it will not wet a pp—GT film surface, but rather, show a
CA between 60° and 80°. This behaviour may be desirable if these films are considered as
mechanically-flexible encapsulating coatings for organic electronics. The behaviour of chloroform and
chlorobenzene was also examined, as these solvents are commonly used in the deposition of organic
semiconducting layers from solution [72]. Both of them are found to lie within the 0° contour,
indicating that each solvent will wet the pp—GT surface completely. If complete wetting of the surface
by solution processing is needed for a specific application, both of these solvents would be appropriate
in conjunction with the pp—GT thin film surface.
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Figure 8. Wetting envelopes at 0°, 20°, 40°, 60° and 80° using surface tension components
for pp—GT samples fabricated at (a) 10 W; (b) 25 W; (¢) 50 W and (d) 75 W.
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3.7. The Interfacial Tension and Solubility

The SFT parameters obtained using the VCG, Fowkes and Neumann’s approach were used to
calculate the interfacial tension between the solid and liquid given by Equations (7) and (8). The
solubility of the solid (AGj2;) in that liquid was then determined by incorporating interfacial tension
values into Equation 6. Results using Equations (6)—(8) are presented in Table 9.

For AGj;; >> 0, the polymer is solvophilic for the solvent; for AGjy; << 0, the polymer is
solvophobic for the solvent; for AG,; = 0, the polymer is partially dissolved in the solvent. The values
obtained (Table 9) indicate that the pp—GT polymer is solvophobic, and the strongest solvophobic
response was found to be assigned to water, which is expected, as the CA values for water are found to
be the most stable. The absence of negative ysr. and vy, values for the solvents investigated (Table 9),
indicates that pp—GT is insoluble in the three liquids. AGj;; values increased in magnitude with
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increasing RF power for all of the probe liquids, except DIM. This shows a less soluble behaviour for

water and EG. However, measurements using DIM indicate swelling or partial dissolution of pp—GT

thin films.

Table 9. AG,,; values obtained using Equations (5)—(7) from the derived surface tension data.

Solvent RF Power (W) 7, Data SFT Parameters, mJ/m’ Solubility, mJ/m*
Ys. (Equation (8)) vy, (Equation (7)) AGiy» =—2ys, AGp =2y
VCG 9.43 —18.86
10 W Fowkes 17.34 9.41 —34.68 —18.82
Neumann 4.84 —9.68
VCG 18.85 -37.7
25W Fowkes 22.6 18.82 —45.2 —37.64
Neumann 7.47 —14.94
Water
VCG 22.37 —44.74
50 W Fowkes 25.47 22.39 —50.94 —44.78
Neumann 9 —-18
VCG 30.11 —60.22
75 W Fowkes 31.67 30.11 —63.34 —60.22
Neumann 12.80 -25.6
VCG 6.01 —12.02
10 W Fowkes 13.92 6.03 —27.84 —12.06
Neumann 0.45 -0.9
VCG 6.92 —13.84
25W Fowkes 10.67 6.99 -21.34 —13.98
Neumann 0.51 -1.02
EG
VCG 8.31 -16.62
50 W Fowkes 11.41 8.32 —22.82 —16.64
Neumann 0.79 —1.58
VCG 10.57 -21.14
75W Fowkes 12.13 10.67 24.26 —21.34
Neumann 1.45 -2.90
VCG 3.89 =7.78
10 W Fowkes 11.8 3.87 -23.6 =7.74
Neumann 0.5 -1
VCG 4.17 -8.34
25W Fowkes 7.92 4.17 —15.84 -8.34
Neumann 0.49 —0.98
DIM
VCG 3.2 —6.40
50 W Fowkes 6.30 3.19 -12.60 —6.38
Neumann 0.5 -1
VCG 2.20 —4.40
75 W Fowkes 3.76 2.21 7.52 —4.42
Neumann 0.61 -1.22

According to the wetting envelopes for pp—GT thin films, the CAs for several important organic

solvents typically used in organic electronics, e.g., chloroform and chlorobenzene, will be too low to be

determined experimentally. Therefore, the parameter 05 is assumed to be 0° for the purpose of calculating



Coatings 2014, 4 548

the solubility values for these solvents. These values were found to be strongly negative, indicating that
the pp—GT films are insoluble for solvents employed in the processing of organic electronics.

4. Conclusions

The pp—GT films were successfully prepared and characterized. An FTIR analysis confirmed that
exposure to an RF plasma field can effectively initiate the polymerization of the monomer. Some
functional groups observed in the monomer were retained during the polymerization process, but the
C=0 stretching vibration (observed in pp—GT spectra) was not present in the monomer spectrum. An
increase in RF power resulted in a reduction of the magnitude of the remaining groups, which was
attributed to increased fragmentation and, consequently, polymerization of the monomer. RF power can
therefore be an effective tool for the fabrication of polymer thin films with tuned properties.

The pp—GT films exhibited different wetting properties, as indicated by the investigation of CA
analysis and wetting envelopes. The trends observed were directed by two main phenomena at the
solid/liquid interface, namely absorption and spreading, which affect the overall wetting behaviour.
This interpretation of the data was based on the assessment of the geometry of the water droplet placed
on the film surfaces. The greatest absorption was detected for 10-W pp—GT films while using water as
the solvent. Improved stability was observed for films fabricated at higher RF power with the increased
hydrophobicity of the polymer surface, from 61.0° (10 W) to 80.7° (75 W). The polymer demonstrated a
strong electron donor component and a negligible electron acceptor component and was therefore
monopolar in nature. Wetting curves showed that the samples became more hydrophobic as the
deposition energy was increased. Chloroform and chlorobenzene were both found to fall within the 0°
boundary, indicating that they would completely wet the surface. Solubility results confirmed that the
polymer would resist solubilisation from the solvents investigated.

The wettability and compatibility of pp—GT thin films with solvents utilized in the manufacturing of
organic electronic devices has been investigated in this paper. From the wettability studies, it is
concluded that pp—GT layers are suitable for encapsulation purpose and also for use in a variety of
organic electronic devices requiring solution-processed layers.
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