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Abstract

Protective coatings for electronics are of great importance due to the increase in
use of smartphones and other personal devices across the world. The exposure
of the circuits and components of these devices to water can cause irreparable
damage through corrosion, resulting in complete failure of the device. Due to the
high costs of personal electronics and their widespread use, it is important to
provide as much protection as possible from water ingress and the subsequent
damage that can occur. Chapter 1 of this thesis detailed this problem and the
consequent importance of protective coatings, as well as the theory behind
electrical barrier coatings. The experimental methods used throughout this thesis

for the preparation and analysis of barrier coatings are described in Chapter 2.

Chapter 3 described in detail the process of preparing a barrier coating
which provided complete protection from water damage to a circuit board. This
process applied the theory of thiol-ene click chemistry in a new way; a
polyisoprene layer was deposited on the circuit board, which was then coated with
plasma deposited allyl mercaptan. This worked to form a barrier coating in a two-
fold manner. The allyl mercaptan reacted both with the unsaturated polyisoprene
layer, to create a strong linkage between the two layers and with the vinyl groups
in the allyl mercaptan itself, to form a highly crosslinked top-layer. This coating
functioned as a highly effective wet electrical barrier layer on the circuit board,
giving compete protection from corrosion, even at high applied voltages.

Chapter 4 described the formation of an extremely superhydrophobic
coating, which as well as functioning as a wet electrical barrier coating had an
extremely high water contact angle and low contact angle hysteresis. This coating
was prepared by the deposition of a polyisoprene layer which was then
functionalised by plasma fluorination of the coating surface. This could be done to
the same level of fluorination at relatively low plasma powers and durations,
resulting in a highly superhydrophobic coating, which also imparted a degree of
oleophobicity. When immersed in water an air layer remained trapped between the
coating and the surrounding water, due to the high water contact angle. This
functionalised coating, when deposited on glass also allowed the sample to be

floated on the surface of the water, and when deposited on a circuit board pre-



coated with a thin plasma deposited base layer acted as a wet electrical barrier
coating protecting the circuit board from corrosion. Gas pulsing was used to
deposit a tetramethylsilane and oxygen base layer, which although was a poor
electrical barrier on its own, significantly improved the overall barrier performance

of the fluorinated polyisoprene coating.

Chapter 5 described the use of plasmachemical thiol-acrylate coatings
applied as wet electrical barrier coatings. Based off the findings of Chapter 3, it
was posited that the dual deposition of allyl mercaptan with an acrylate could also
be used to form a highly crosslinked layer imparting water protection to circuit
boards. Although a composite coating was formed from this dual deposition
method, no improvement was seen over the plasmachemical thiol-ene coating,
with both the single and composite layers on a polyisoprene base layer exceeding

the detection limit for the measurement system.

Chapter 6 summarised the conclusions arising from thesis, highlighting the
areas where significant improvements in the wet electrical barrier performance
were found, particularly with respect to the novel approaches and new chemistries
used. Also included is a brief description of other potential barrier coating testing

techniques which could be used to more completely validate the coatings.
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Chapter 1: Introduction

1.1.The Necessity of Barrier Coatings

Accidental damage is the leading cause of smartphone failure,'? with liquid
damage making up almost 50% of all inadvertent smartphone breakages.*° In the
United Kingdom, this adds up to over £2 billion spent on phone repair and
replacement each year.? Aside from the costs of repair and replacement of
electronic devices, there are other factors which should be taken into account
when looking at the problem of electronic damage. The displays, speakers and
circuitry of smartphones, tablets and other touchscreen electronics contain the
rare earth metals (with the exception of promethium),5® and obtaining these
elements is often fraught with hazards. Apart from the inherent dangers associated
with any mining process, rare earth element mining has been shown to result in
heavy and persistent contamination of surrounding crop-land, leading to
bioaccumulation and chronic toxicity.>'* Recycling of these elements from
electronic applications currently stands at approximately 1% due to the difficulty of
elemental separation, the high turnover rate of personal electronics, and the lack
of awareness and infrastructure to allow an efficient recycling process.”?®
Unfortunately, there are often no direct replacements for these metals which are
cheap, easily accessible, and serve the same purpose,’® so it stands to reason
that reducing the consumption of the devices which require these rare earth

elements would be economically and environmentally sound.

Personal electronics, such as smartphones, tablets and wearable devices
are often exposed to conditions that can be damaging, such as rain, sea spray,
sweat, or accidental submersion. Water ingress into the electronic system of these
devices can cause corrosion and short-circuiting when the liquid forms a
conductive medium between two points in a circuit. Although sometimes if there
has only been a small amount of liquid permeation, this can be allowed to
evaporate and there will be no long-term impairment, the damage can often be
immediate and permanent. For example, spilling pure deionised water on an

electronic device is unlikely to cause any major problems if it is allowed to fully dry,
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but allowing impure or salt water to come into contact with the device can cause

significant damage due to the higher conductivity of the solution.

As handheld devices become more and more complex the need for
protection becomes much greater. As the size of the device is reduced, or the
number of internal components increases, the circuits and electrical mechanisms
have to reside much closer together, and even slight liquid damage to one can
spread to the others in a short space of time. Larger and less complex circuit
boards do not experience this problem to the same level, as damage to one area,
whilst far from ideal, can theoretically be isolated to a single circuit, preserving the
rest of the electrical components. Of course, this difference is much less important
for full submersion of the electronics where both types are likely to be severely and
irreversibly damaged, but it does show that protection against minor splashing and
condensation (which can occur incredibly easily from rain, sea spray and day to
day proximity to water splashed and moisture) could make the difference between
damage and loss of functionality, and preservation of the electronic device.

1.2.Background of Barrier Coatings

A barrier coating can be applied to a surface in order to increase its efficiency and
longevity, without greatly affecting the bulk properties or the look and feel of the
material.1®1’ Barrier coatings have also been generally used to enhance the
properties of the substrate,’® such as imparting water repellency or thermal
protection. There are three main types of barrier coating in use for protective
purposes: gas barriers, water barriers, and electrical barriers. Water and gas
barriers are widely used, particularly in the food packaging and electronics
industries to protect from atmospheric oxygen and water permeation. Electrical
barriers can be used as insulation layers for internal connections to prevent cross
talk, short circuiting and tunnelling within circuits. Barriers which have a
combination of these properties are of vital importance in the electronics industry

acting as high resistance protective barriers.

The resistance of ion motion through a coating to the substrate when

immersed in water is thought to determine the extent of the protection the coating
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provides.!® For electronic applications, this degree of protection is ranked using
the ingress protection (IP) scale, e.g. a rating of IPx2 can protect against light water
splashes, and IPx7 can protect against immersion of less than 1 m depth for 30
min. A high resistance means that there is little ion motion through the coating,
only a small amount of ion transport occur, and a low resistance indicates that the
ion motion is too extensive for the layer to be considered an effective electrical
barrier.’® The ideal situation when the substrate is immersed in water under an
applied voltage would subsequently be no current flow, and an effectively open

circuit, see Chapter 2, Section 2.2.

Factors such as the chemical composition and thickness of the coating, the
conformation and size of the permeant, and the pressure and temperature of the
surroundings all have an effect on the permeability of the coating. The resistivity
of a film or surface, i.e. its resistance to current flow in relation to the area of the
surface is an important property when designing and manufacturing barrier layers
for electronic items.2° The resistance of a barrier layer can greatly affect the design
and process parameters of thin film electronics, so it must be carefully measured
and quantified before large scale manufacture.?! In addition, it is known that as the
thickness of the polymer is reduced below a certain point (approximately 1 um) the
dielectric strength increases, resulting in an increased conductivity.?> Polymeric
materials are widely used as electronic component coatings since they offer a
great advantage as electrical insulator layers due to their dielectric isolation,
electrical insulation and low permeation properties.?®?* The insulating properties
possessed by many polymers arise from the large band gap, and as such they
show a very low conductivity in relation to the strength of the applied electric field.

1.3.Types of Barrier Coating

There are different types of barrier coating depending on the protection
requirements, such as oxygen barriers for food packaging and thermal barriers for
temperature sensitive substrates. Specific barrier effects can be achieved though
tailoring of the coating type and the preparation method used.
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1.3.1. Multilayered

A common problem associated with thin film deposition is the formation of defects.
The types of defects which affect the permeation of a gas or vapour through the
film can be classified into three general categories:?®

1. Small defects (<3 A): the permeant, typically a gas, must be able to
diffuse through the film. If a film solely contains these types of defects the
permeation is usually low, which is desirable.

2. Medium defects (3-10 A):  the permeant must be able to diffuse through
very narrow channels and defects. This usually gives a moderate permeation
level.

3. Large defects (>10 A): moisture vapour can easily pass through the
film, giving a high permeation and a poor overall barrier performance. These
defects are typically three to four times larger than a permeant molecule and

so provides little resistance to permeation.?®

These defects can be cracks, pores, fissures, pinholes or pores, and can be
formed during the deposition process e.g. “island” formation, or caused by
contamination on the substrate prior to the coating process, or damage to the
coating after deposition, such as abrasions or scratches.*® To diminish the effects
of these defects, multilayered barrier coatings can be applied. Multilayering refers
to the process of building up of several layers of thin films to form a thicker coating
with multiple interfaces.?” Any coating made up of several thin layers is much less
likely to have continuous defects or pin-holes than one single layer of a
comparable thickness, which is beneficial in barrier coatings, Figure 1-1.28-30 Even
if each deposited layer has several defects, the likelihood of them sufficiently
aligning to allow a continuous path is very low, and decreases as the number of
layers increases. In such a system, any permeant has to either follow a tortuous
path to reach the substrate, increasing the length of time the coating is performing

as a barrier, or will simply be blocked in its entirety.

As a result, multilayered films can be used as extremely effective barrier
layers, and have been reported to achieve low water transmission rates
(WVTRSs).3! WVTRs as low as 1 x10°-1 x10® g m? day?! have been achieved,
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which is the required level for a coating to be deemed a good moisture barrier.3!
Commonly, sequentially deposited organic and inorganic layers can be applied as
a barrier coating to give the benefits of both layer types, such as the combination
of the resistance of a polymer layer with the hardness of a silicon based layer.32:33
The layering can be repeated several times, to build up a laminate structure of
many alternating layers of complementary materials, or layers with specific

functions.3442

(a)

Substrate
(b)

Substrate
(c)

Substrate

Figure 1-1: Schematic of multilayering showing: (a) a single layer coating with defects
through which permeant molecules can pass; (b) two layers, adding up to the same total
thickness with some defects blocked; and (c) multiple thin layers, adding up the same total

thickness, with all the continuous defects blocked.

1.3.2. Crosslinking and Annealing

As mentioned previously, Section 1.2, polymer layers have often been used as

barrier coatings. Crosslinking and annealing have been reported to improve the
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barrier properties of the coatings, for example, if a layer is annealed before
measurement of the WVTR, the permeation can be reduced by approximately 85%
overall when compared against the water uptake of a non-annealed coating.3*43
This vast improvement in the quality of the barrier is due to the rearrangement
which occurs when the annealing process takes the organic layer above its glass
transition temperature (Tg). Raising the organic polymeric film above the Tq4 allows
the entire layer structure to reorganize, reducing the overall roughness of the
surface and increasing the density and alignment of the molecules within the

coating.34

Crosslinking can also cause an increase in strength, elasticity, and adhesion
of the polymer to the substrate, which can be extremely desirable when designing
a barrier coating. As a result of these structural changes, crosslinked coatings
have been extensively used to improve barrier properties of polymer layers, or
enhance other properties, such as hardness. When compared to non-crosslinked
layers, polymer layers with some degree of crosslinking tend to perform better as
barrier coatings, Appendix 1, because as the increase in density reduces the size
of pores, the water solubility of the coating is decreased. Therefore strong three-
dimensional networks can be formed, reducing permeation of small

molecules.42:44-48

Crosslinking agents or UV-curing can also be used to strengthen coatings,
Section 1.5, and the processes can be tailored to which method is most
appropriate for the desired application.*?>444% For example, substrates which are
UV sensitive could be thermally cured or benefit from the incorporation of a

crosslinking agent.

1.3.3. Water Repellency

A water repellent coating is one that does not allow any water that comes into
contact with the coating surface to spread or to be absorbed into the coating,
resulting in the water beading up and rolling off the surface. The water repellency,
or conversely, wettability, is mainly governed by the surface structure and the

nature of the chemical groups at the interface between the surface and the
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water.5%-52 Water repellent coatings have historically been used to protect

automobiles,>® wood,** glass,> and clothing.%6:57

Due to the high electronegativity of the fluorine atom, fluorinated polymers
are highly hydrophobic,®® and thus offer protection against water permeation. This
hydrophobicity decreases the WVTR and the incorporation of water molecules into
the structure. The size, large free volume and polarity of halogen atoms attached
to the coating surface reduces the permeability of oxygen and water molecules
through the coating by effectively blocking the permeation path.>® The halogen
atoms replace the hydrogen atoms in the polymer, either in their entirety or solely
on the surface, which leads to an increase in the barrier properties, and better
water repellency.®%-62 Fluorinated polymers are also relatively inert and thermally
stable in comparison to other polymers which can be susceptible to photocatalysis,

making the fluorinated films excellent candidates for electronic barrier coatings.%*

Fluorination can be used to enhance the protective properties further, as
fluorinated polymers have a lower dielectric constant and higher resistance
compared to their non-fluorinated counterparts. The larger free volume they
possess and the lower polarisability is thought to be the cause of this effect.6°66
Using a halogenated rather than a non-halogenated monomer to form a polymer
layer gives a lower permeability to water, as has been seen by the decreased
permeation of steam through halogenated polycarbonates and polyolefins.67-6°
This is a particularly useful property when considering how much water can be
absorbed by a polymer film under immersion, because when the volume of water
incorporated into the polymer structure increases the ion conductivity increases
also.”® Surface superhydrophobicity can be employed to provide protection from
water ingress by utilisation of the Cassie-Baxter effect, which is the formation of a
trapped air layer between a roughened surface and the surrounding water, which

can result in water contact angles ranging from 150-160°.71-°2

1.4.Plasma Deposition of Barrier Layers

Plasma processes can be used to deposit barrier coatings on a variety of
substrates, due to the conformal nature of the coating process.!’” Despite the
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benefits of multilayer coatings, Section 1.3.1, single layered barriers are often
desired for the ease and speed of development and large scale processing.
Dielectric films produced by plasma processes tend to give very good single layer
results as barrier films when compared to other single layered barriers.?® This is
because films produced by plasma deposition tend to be denser than
conventionally produced films, which gives a better performance as a water barrier
due to restricted permeation.®® The use of plasma processes for the deposition of
barrier coatings allows the formation of glassy, amorphous protective layers on the
substrate, unlike many other cold, low energy methods, e.g. sputtering, which will
typically will form columnar and particulate structures. Coatings produced by the

latter techniques are often porous coatings with many defects and pin-holes.%

The majority of plasma deposited barrier layer research has been focused
on silicon based films. Aluminium and silicon based layers, particularly silicon
oxides and nitrides, are very common forms of barrier coatings currently in use for
substrate protection,®>1% as these show excellent barrier properties against water
and oxygen permeation. The plasma fluorination of these layers reduces the
hydrogen content and enhances the barrier properties further, whilst leaving the
layer transparent, tough and with good adhesion to the substrate.%:°7.107.108
Additionally, fluorine containing layers can be deposited by plasma enhanced
chemical vapour deposition (PECVD) to form “Teflon-like” coatings, which are
promising candidates for use as barriers to water vapour transmission, due to the
high fluorine content, Section 1.3.3.1%9 Increasing the oxygen content of the films
by co-depositing the plasma polymer with H202 can also decrease the permeability
of hydrogen gas through barrier layers.'° Other commonly used barrier layers are

amorphous carbon based films,111-113 and fluoropolymers.114-116

To further improve barrier performance, several thin films can be plasma
deposited sequentially on top of each other, to create a laminate system. Due to
the lack of continuous defects, Section 1.3.1, these tend to offer greater protection
than a single layer coating of comparable thickness.3%3¢ As a further enhancement
to oxygen and water permeation, the layering of organic and inorganic layers can
be applied as a nanolaminate system. For example, a ceramic layer (composed of

SnOz, In203, ITO, Al203, or SiOz2) can be deposited between two plasma deposited
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polymer layers (usually plasma polymerised acrylic, methacrylic, propylene layers

etc.) to give a composite coating with complementary features.3%117-123

1.5. Thiol-Ene Reactions

Vulcanisation has long been used as a method of increasing the durability,
resilience, hardness and strength of rubbers in general, and in particular,
polybutadiene.?412% Vulcanisation can be thought to occur first by the formation of
an accelerating agent, usually a sulphur radical, and secondly by the crosslinking
process, wherein sulphide and carbon bridges are formed, giving rise to a strong

three dimensional crosslinked network, Figure 1-2.126.127

Many reaction mechanisms of thiol groups with unsaturated polymers rely on
photo- or thermal-initiation as a means of creating the necessary sulphur radicals,
and as such, a photosensitive initiator can be included. In the first step, the
activated sulphur reacts preferentially with allylic carbon, and the sulphur radical
formed, known here as the thiyl radical, also reacts with allylic carbon, leading to
disulphide crosslinks. The preference of allylic carbon chains is shown by the lack
of success in vulcanisation of hydrogenated polymers e.g. polyisobutylene,

showing that double bonds are a required reactant for this process.'?8

The propagation of this mechanism shows the radical residing on the polymer
backbone, and the formation of the polymer network occurring as two radical
polymer structures combine and terminate the reaction. Alternatively, the polymer

network can be formed when two chains are linked via a disulphide bridge.
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Figure 1-2: Schematic representation of the sulphur mediated crosslinking of polymer
chains, showing the initiation through UV generation of the thiyl radical, the propagation
of the reaction, with the radical sitting on the polymer back bone and the regeneration of
the thiyl radical, followed by the termination of the reaction, wherein a sulphonated

polymer is formed and two polymer chains are linked by sulphur or a carbon bond.*?’

The process has been expanded in recent years, and is now encompassed
by the term “thiol-ene chemistry,” or “click thiol-ene chemistry,” which refers to the
radical addition of thiols across carbon-carbon double bonds Figure 1-3.12° Click
chemistry refers to any mechanism wherein the reactants can be switched for
other reactants with the same critical functional groups, e.g. regardless of the
specific precursor, as long as there is a source of available double bonds a thiol
radical can perform thiol-ene reactions.'3® As such, the process can be applied
to various polymers with unsaturated groups, e.g. acrylates, natural rubbers and

triple bond containing monomers. Accordingly, natural rubber (polyisoprene) which
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has many double bonds, reacts well with thiols to form bonds between the polymer
chains, giving a loss of unsaturation and the formation of a three-dimensional

network.131

Thiol-Ene Product

S
R N"NR, R—SH

S
R,—SH A » R,—S* R/ \/\Rz

=

R

Figure 1-3: A schematic representation of the thiol-ene cycle, showing the activation of
the sulphur radical progressing by initiation by light or heat, followed by exposure to a
terminal double bond. This allows the radical to reside on the polymer back bone where it
can then abstract the hydrogen of another thiol molecule, resulting in the thiol-ene end

product and regeneration of the thiyl radical.'®

A proposed mechanism of thiol-ene modification of polybutadiene is by
intermolecular cyclisation of the polybutadiene.®? This mechanism also relies
upon the generation of sulphur radicals, although it is specific to 1,2-polybutadiene,
and larger thiol precursors are most often used. Allyl mercaptan and other
mercaptan analogues have been commonly used in the vulcanisation of
polybutadiene and other unsaturated polymers in solution, using UV light for
photoinitiation of the mercaptan to generate the sulphur radicals, or simply milling

the rubber with the accelerator.133-135> Mercaptans are known for their use as

Introduction 11



vulcanisation accelerators,3® so as long as the sulphur radical can be generated,
the vulcanisation reaction should proceed by the above mechanisms. Additionally,
unsaturated mercaptans are able to self-polymerise, following a step-wise addition
reaction.'®’ The double bond present in allyl mercaptan can react with the sulphur
moiety of another allyl mercaptan molecule, giving rise to two different outcomes:
a branched or unbranched chain, Figure 1-4.1%®

HS NG AN\F

or
HS\/LS/\z/’

HS N —Z= >

Figure 1-4: Allyl mercaptan self-reaction mechanism.

1.6.Conclusions

Barrier coatings are a critically important consideration in the electronic devices
sector, as well as many other industries, such as food and beverage packaging,
clothing, and construction. Improvements in barrier coatings, i.e. making them
thinner, more durable, and higher performing, are of great benefit, as this reduces
waste and cost by protecting the item, or giving it a longer shelf life, Section 1.1.

Polymeric coatings and composite multilayer systems have long been used
as barrier layers, designed to enhance the barrier properties by creating multiple
interfaces, and thus reducing permeation, Section 1.3.1. The application of
complementary layers can impart specific properties tailored to the item to be
protected. Additionally, crosslinking can be used to enhance the strength and
adhesion of barrier coatings, increasing the density and reducing the permeation
of small molecules at the same time, Section 1.3.2. Water repellency has also
been commonly used, wherein a hydrophobic or superhydrophobic layer gives the
protected surface as little contact with water as possible. This reduced water
contact, and consequently reduced water permeation, which can be imparted by

the halogenation of a base layer, gives protection to the substrate by preventing
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corrosion or degradation caused by water ingress, Section 1.3.3. The combination
of two or more of these protection methods can give a greater barrier performance

than for simply the unmodified coating, using a simple methodology, Appendix 1.

Electrical barriers exploiting these methods can easily be prepared using
plasma deposition and modification. A simple spin or spray coated polymer layer
can be enhanced by the deposition of a plasma polymer layer on top, or vice versa,
to create a multilayer system. Similarly, a base layer can be modified or
functionalised by exposure to a plasma, to impart the desired surface properties,
such as roughness and water repellency. Plasma deposition and modification are
conformal processes allowing non-flat surfaces and 3D structures, such as circuit
boards, to be coated without leaving untreated areas; any area of the surface
exposed to the surrounding environment will be treated. Additionally, these
processes can be carried out at low temperatures and powers, and use only a
minimal amount of reagent, which is of great benefit for large-scale processes and
industries looking to reduce costs.

1.7.Scope of Thesis

The results presented herein utilise the principles outlined in this section to develop
barrier coatings for electronics. These barrier coatings were deposited on micro-
circuit boards and tested via immersion in tap water under an applied voltage in

order to replicate a “real world” scenario of an electronic item submerged in water.

Chapter 3 describes an electrical barrier coating comprising two layers.
Thiol-ene reactions were intrinsic to the functionality of this coating, causing strong
linkages between the thiol containing top layer and the unsaturated base layer, as
well as the top layer itself undergoing thiol-ene crosslinking. This resulted in a
highly effective, novel wet electrical barrier coating, which was able to impart
protection to a circuit board when immersed in water. Thiol-ene reactions and their
potential for use in plasma deposited electrical barrier coatings were further
investigated in Chapter 5, where thiol and acrylate containing precursors were

deposited simultaneously. Proof of concept for a crosslinked coating with high wet
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electrical barrier performance was demonstrated, with further work being required

to expand upon these findings.

Chapter 4 describes how superhydrophobicity was put into effect to develop
a barrier coating which when immersed in water formed a protective air layer
between the surface and the surrounding water. The superhydrophobicity resulted
from a two-fold plasma process of roughening and functionalisation of an
unsaturated polymer layer. This coating worked in conjunction with a plasma
deposited base layer, giving superior wet electrical barrier performance when

immersed in water under an applied voltage.

The coatings described herein are comparable in quality to the
state-of-the-art plasma deposited barrier coatings. Fluoropolymer coatings
deposited by RF plasma have a resistivity of 1.44 x 10* Q nm1.1%° This is exceeded
by both the plasmachemical thiol-ene coating, Chapter 3, and the
superhydrophobic polyisoprene coating, Chapter 4, presented here. These
coatings also exceed the resistivity of 8.81 x 10% Q nm, obtained by a
multilayered organosilicon coating deposited by low pressure PECVD.** These
comparisons are not perfect, due to the nature of the electrical barrier test
methods. The tests vary to a degree, although they are similar in nature:
interdigitated electrodes which are non-conductive unless immersed in a
conductive medium, where the role of the barrier coating is to prevent corrosion of
the electrodes. Although this is not a direct comparison, it gives an idea of where
the coatings described in this thesis lie in relation to the commercially available
barrier coatings. Other measurement techniques, such as dielectric strength or
surface resistivity are commonly used to evaluate electrical barrier coatings, but
no significant comparison can be made with the coatings presented herein. For
example, hydrophobic ceramic and organometallic coatings deposited by
atmospheric plasma processes have been reported to have dielectric strengths of
almost 30 kV mm-! and surface resistivities of up to 7 kQ [1-1.141.142 Because of this
difficulty in regards to comparison further investigation into the barrier coatings
described in the following chapters should include benchmarking electrical
measurements such as surface resistivity, volume resistivity, and dielectric

strength.
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The coatings described in this thesis are presented with regards to their
functionality as wet electrical barrier coatings with discussion of the potential
applications of such barrier coatings. The further work required to fully substantiate
the proof of concept claims is also evaluated, and as well as other potential test
methods which could be used to determine the protective limits of the barrier
coatings.
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Chapter 2: Experimental Techniques

2.1.Introduction

Throughout this thesis a range of coatings were deposited on small circuit boards,
in order to determine their barrier properties. Several analysis techniques were
used in order to determine the best wet electrical barrier coating and to establish
the qualities possessed by the coating. This chapter summarises those

techniques.

2.2.Electrical Barrier

Resistivity, p, is a physical property of a material, defined as the ability of the
material to oppose the flow of charge, with units of ohm-meter, Q m (although Q
cm and Q nm are most commonly used when referring to barrier coatings).*

Resistivity can be calculated using Equation 2-1:

RA .
p = T Equation 2-1

where Ris the resistance (Q), 4is the area (m?) and /is length (m), Figure 2-1.1-3

Figure 2-1: Schematic of a section of resistive material, with the dimensions required for

the calculation of the volume resistivity.

Typically, the resistivity of polymers is given as volume resistivity, which is
the ohmic resistance of a cube of material. Electrical grade polymers typically have

a volume resistivity of around 10> Q cm,* although can be as high as 108 Q cm
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for some highly resistive polymers, at room temperature.®> Surface resistivity, ps,
which is also often given in relation to polymeric materials, is the resistance of the
surface between two electrodes forming opposite sides of a square, Equation 2-2,

RP .
Ps = Y Equation 2-2

where Ris the resistance, P is the perimeter of the electrode area, and D is the
distance between the electrodes. The size of the square is inconsequential, and
the surface resistivity is given in ohms per square, Q/square or Q/[1.! Typical

surface resistance values for polymers are 10-10%° /(1.

The surface resistivity is very similar in calculation to sheet resistance, Rs,° a
specific type of resistivity often quoted when referring to polymer barriers. This can
also be calculated from the resistivity, rearranging Equation 2-1 to give Equation
2-3,

R = Equation 2-3

~ 1D

L
w
where the area can be split into the width, I, length, / and thickness, ¢, of the

polymer, Figure 2-2.

2!

w

Figure 2-2: Schematic of a section of resistive polymer film, with the dimensions required

for the calculation of the resistivity.

Taking the resistivity over thickness gives a value termed the polymer sheet
resistance, Equation 2-4.

R = ’—: Equation 2-4

As the units of resistivity are Q m, when divided by the thickness to get sheet

resistance, the units become Q m m, or simply Q. However, to differentiate this
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from the bulk resistance it is standard practice to quote it in ohms per square,
rather than just ohms, as per the surface resistivity. Often these terms are used
interchangeably, but if necessary, sheet resistance can be considered to be a two-
dimensional concept, when applied to ultra-thin films. This requires the assumption

that the current moves across the plane of the film, and not through the bulk.

There are a variety of techniques which have been used to measure the
electrical properties of potential electrical barrier layers. Typically, to measure the
current through a film, electrodes are placed on either side of the film, or circular
electrodes can be applied to the surface as a set of equivalent contacts, whilst the
substrate is taken as the other contact.” When measuring the volume resistivity,
any surface current leakage must be ignored. To this end, a guard electrode is
used to collect this leakage current.” For films of a defined size and shape, the
“four-point probe” method is used; the current source is connected to the outer
probes, and the inner probes measure the voltage. Films which are irregularly
shaped can be measured using the “Van der Pauw” method, and two sets of
current—voltage measurements are taken, Figure 2-3.7

" 0

e

Figure 2-3: Resistivity measurement methods of polymer films: (a) the four-point probe

method used to measure sheet resistance of films of a predetermined size; and (b) the

Van der Pauw method used to measure the resistivity of non-standard shaped films.

The volume resistivity, surface resistivity and sheet resistance can be

significantly reduced by water absorption, which means that a potential water
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barrier coating for electronics should not be based on resistivity factors alone.
Whilst the volume resistivity can take an extended period of time to decrease on
exposure to moisture, the surface resistivity and sheet resistance can drop
instantaneously. Additionally, ionic impurities on the surface can also drastically
decrease the surface resistance when they become conductive in the presence of

water.4

As such, these measurements give the electrical parameters of an
immaculate coating in its initial state, but give no bearing on the coating’s
performance when subject to potentially damaging conditions, such as immersion
in water. It is under such conditions that the effectiveness of a coating on an
electronic device must be tested to show proof of concept. To this end, a separate
measurement system is used to evaluate the electrical barrier coatings when
immersed in water, whilst the device is in operation. The water used herein is tap
water (Northumbrian Water), but any conductive liquid medium could be used with
this method e.g. salt water, chlorinated water, etc. Circuit boards were designed
comprising two interdigitiated electrodes, with no points of contact between them,
resulting in them being initially non-conductive.® When an uncoated board is
immersed in water, under an applied voltage, current can flow from one electrode
to the other through the water, and with enough corrosion, dendrite formation can
occur. However, with the application of a barrier coating to the electrodes, this
current flow can be avoided, Figure 2-4. A barrier coating which can block the
ingress of electrolytes and ions prevents current flow between the two non-

connected electrodes.

Considering this, the immersion of a circuit board in tap water under an
applied voltage can be used to evaluate electrical barrier performance. A poor wet
electrical barrier will show instantaneous current flow, as well as an increase in
current flow over time to the point where the current is equal to that of an immersed
uncoated circuit board. A moderate barrier coating might initially show no current
flow, but the coating can breakdown over time, and current will begin to flow
through the circuit, and a good barrier coating will not break down and will appear
as an open circuit over the defined testing period.
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Figure 2-4: Schematic of the wet electrical barrier testing method: (a) there is no current
flow between the electrodes in a non-conductive medium, e.qg. air; (b) current flow between
the electrodes when the circuit board is immersed in a conductive medium, e.g. water;
and (c) there is no current flow between the electrodes when the circuit board is immersed

in a conductive medium e.g. water, when the electrodes are protected by a barrier coating.

2.3.Plasma

Plasma, one of the fundamental states of matter along with solids, liquids and
gases, comprises electrons, ions, metastables and neutral species.01!
Classically, plasma is referred to as an electrically conductive ionised gas or
vapour due to the presence of free moving electrons, which in itself is electrically
neutral. In more modern definitions, plasma is known as a gas comprising
electrons, ions, photons, and atoms and molecules in low or high excited states.*?
The energy distribution within a plasma is proportional to the temperature of the
plasma, Figure 2-5, as plasmas with a lower energy distribution of the electrons
and ions will tend to have a lower temperature, and plasmas with a higher energy

distribution will tend to have a higher temperature.!!
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Number of Electrons/lons

Energy

Figure 2-5: Energy distribution of electrons or ions in a plasma, where the temperature is
proportional to the energy distribution within the plasma. Line 1 represents a lower energy

distribution with a lower temperature than line 2.1°

A plasma discharge can be generated by the application of an electric field
to a gas or vapour within a chamber causing acceleration of the electrons, and
subsequent elastic and inelastic collisions, resulting in ionisation and excitation.
This causes secondary electron acceleration leading to a plasma cascade, or a

Townsend avalanche.

2.3.1. Equilibrium and Non-Equilibrium Plasmas

There are three general types of plasma, depending on the physical properties of
the plasma and the method of ionisation. When the energy of the neutral species
in a plasma is equal to that of the electrons, the plasma is thermodynamically
stable and is termed an equilibrium plasma. Plasmas of this type can be split into
two subtypes; they can be in complete thermodynamic equilibrium where all of the

constituent parts are at the same temperature, such as stars, or the temperature
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of all the plasma species are equal with the exception of the radiation, such as

plasma jets or electric arcs.*®* These are termed “thermal” or “hot” plasmas.

Non-equilibrium plasmas are not thermodynamically stable, as the energy of
the electrons is much higher than the energy of the neutral species and ions.
These plasmas are often classified as “non-thermal” or “cold” plasmas” and can
be operated at ambient temperatures.3 Glow discharges, which are produced in
low pressure gases or vapours by stimulation with an electric field are non-

equilibrium plasmas.

Beyond these broad plasma categories there are more specific types of

plasma generation which can be used for deposition, modification, or etching.

2.3.1.1. Radio Frequency Plasma

In radio frequency (RF) plasmas the energy is supplied to the discharge by either
capacitive or inductive coupling and have been known as “electrodeless
discharges” as the electrodes need not be in contact with the plasma. The plasma
is produced by matching the output impedance of the RF generator, typically
13.56 MHz, to that of the matching unit, coils and chamber contents, with the aid
of a matching network consisting of capacitors and inductors, Section 2.3.4. The
Standing Wave Ratio (SWR) of the system is minimised in this process, optimising
the forward power of the plasma. RF plasmas are relatively homogeneous and can

be performed at low pressures.'?

2.3.1.2. Microwave Plasma

Microwave plasmas operate at a higher frequency (2.45 GHz) and at higher
pressures than RF plasmas. The greatest glow intensity of a microwave plasma is
at the coupling microwave capacity, which diminishes outside the cavity as the
wavelength is much lower than that of RF radiation.'* Overall, microwave plasmas
have greater ion and electron density than plasmas generated by RF, and they

have a large amount of high energy electrons.’®> Microwave plasmas have
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commonly been used in industrial applications, such as semiconductor processing

and surface treatments.

2.3.1.3. DC Glow Discharge

A DC glow discharge is produced for a gas at low pressure by applying a DC
voltage between two electrodes. The electrons are accelerated between the
cathode and the anode due to the applied electric field, colliding with ions and
neutrals causing energy transfer. The electrodes are inserted into the gas which
means they are in contact with the plasma during operation. This can be
problematic in certain circumstances, such as in the deposition of a dielectric film,
as the electrodes can quickly become covered with an insulating layer, and

subsequently the plasma will be extinguished.

2.3.1.4. Atmospheric Plasma

Plasmas generated at atmospheric pressures require higher applied voltages to
stimulate the breakdown of the gas or vapour. Arcing can occur in these
conditions, which is the desired outcome in some situations, e.g. plasma torches.
Methods can be employed to lower the temperature of the plasma and avoid
arcing, such as the “point and plane” or pointed electrodes used in corona
discharges, or the insulated plates in dielectric barrier discharges.'® A
disadvantage of atmospheric plasmas is the lack of uniformity in the plasma,
however as they do not require a low pressure chamber atmospheric plasmas can

be used in production and assembly lines with little modification.

2.3.2. Plasma Surface Modification

The chemical and morphological properties of a surface can be modified by
exposure to a plasma. Commonly, the adhesion, wettability, and refractive index

are altered, depending on the type and conditions of the plasma.l’-?® Surface
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modification by plasma typically uses non-polymerising gases, such as
tetrafluoromethane (CF4), helium (He) and argon (Ar), causing physical ablation
and free-radical formation due to ion sputtering, neutral species collision, and the
emission of ultra-violet (UV) radiation. Fragments which have been removed from
the surface can be reincorporated into the surface or redeposited as a crosslinked
layer. As well as chemical modification, physical etching can also occur. Surface
reactions are induced by the plasma, transforming the solid surface material, e.g.
silicon or silicon dioxides, into volatile products, such as silicon halides.?* These
volatile products can then desorb from the surface into the gas phase. Etching can
be used in conjunction with masks or composite surfaces to give patterned

surfaces and specific etched designs.

Accordingly, surfaces which are normally unreactive can be treated through
plasma reactions to give surface modification. For example, the treatment of
polypropylene with an oxygen plasma results in the incorporation of oxygen
containing functional groups on the surface.?? This type of plasma treatment
increases the wettability and adhesion of the polypropylene surface. Alternatively,
when CFs4 is subjected to a RF electromagnetic field, Figure 2-6, electron
acceleration occurs, resulting in bond cleavage and ionisation of the CF4 molecule.
This results in fluorination of a polymer surface placed in the plasma chamber, e.g.

polybutadiene, and an increase in the hydrophobicitiy of the surface, Section 2.8.2°

CF4 plasma treatment has been used as a source of F and C atoms, CFx (1
< x < 3) radicals, and ions for surface treatment. These produce two competitive
processes, etching and surface functionalisation. For short treatment times etching
of the surface of the substrate or chamber is the dominant process.?6?” The
etching process is produced by charged particles which cause the electron impact
that results in dissociation, excitation in the gas phase and ion bombardment of
the surface, and fluorine atoms which react with the surface to give volatile

products.?8:29
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Figure 2-6: Plasma chamber during a CF,4 plasma discharge.

Etching and surface fluorination processes depend on the plasma
parameters and chamber conditions, such as the gas flow rate, plasma energy,
and the substrate position in relation to the plasma density throughout the
chamber. For example, in a capacitively coupled plasma system, in the early
stages of CF4 plasma treatment the etching rate (11.5 nm mint) is higher than the
fluorination rate (3.2 nm mint). However, later in the CF4 plasma treatment, the
etching rate slows (2.8 nm mint), becoming less dominant than fluorination. This
is because the bond strength increases after substitutions of chemical bonds on
the surface (e.g., C-H, C=C, C-0, C-C) by stronger C—F bonds.3° Additionally, the
etching rate decreases in the regions of lower plasma density due to the absence
of electrons and low density of ions so that the ion bombardment on the substrate
surface is less significant.?® Therefore, depending on the plasma conditions such
as power, substrate position, and treatment time, surface roughness and chemical
modification of the polymer surface can be controlled, to give varying degrees of

surface fluorination.
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2.3.3. Plasma Polymerisation

Plasma polymerisation differs from conventional polymerisation, in that
conventional polymerisation is a molecular process, and plasma polymerisation is
based upon both atomic and molecular processes. There are two main

characteristics of plasma polymerisation:

1. Unlike conventional polymers, plasma polymers deposited via a
continuous process contain no obvious repeating units.

2. The monomer used in the polymerisation does not necessarily
require a functional group, such as a vinyl bond, although this can

be beneficial.

Plasma polymer deposition requires the activation of monomer vapour, to
form the monomer radical species required to deposit the plasma polymer,
Scheme 2-1.

M-Me NR
M ﬁ M Me NR ﬁ NR
M- M-Me

Scheme 2-1: Schematic representation of a plasma reaction. M: Monomer, Me«: Reactive
monomer species, M-Me: Polymerised reactive species, P: Polymer on the surface, NR:

non-reactive species.

Plasma polymer deposition is typically performed in two ways: continuous
wave (CW) and pulsed plasma deposition. These result in drastically different
plasma polymer films. CW has been thought to occur via plasma-induced

polymerisation and plasma-state polymerisation.!? Plasma-induced
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polymerisation generally requires polymerisable functional groups which are
excited by the electrons or radicals in the electrical discharge to then form the
plasma polymer.3! The fragmentation of the precursor monomer generating the
radicals, ions, and electrons which cause reformation into larger species is known
as plasma-state polymerisation. Due to these processes, which require constant
excitation of the electrons and radicals by the electric field, the final polymer film

does not retain the structural integrity of the precursor monomer, Scheme 2-2.

If required, the structural integrity of the precursor can be retained by using
pulsed plasma polymerisation, allowing the functional groups to remain intact,
Scheme 2-2, making it much more like conventional polymerisation. A lower
amount of fragmentation is achieved by only activating the electric field for a very
short time, usually in the realm of us—ms, and this is followed by an off-time of ms
duration. Using this method of plasma deposition, conventional polymerisation

reactions can occur during the off-time of the plasma.

NN

CO”UnUOUS ulsed
Wave

| Substrate Substrate

Scheme 2-2: Schematic of differences in plasma polymer films generated by continuous

wave versus pulsed plasma.
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Like conventional polymerisation, plasma polymerisation occurs in the

following steps:

1. Initiation.
2. Propagation.

3. Termination.

The free radicals required for the initiation are produced in the plasma by the
collision of electrons and ions with the monomer molecules, or by ion impact of the
monomers adsorbed on the surface. The formation of plasma polymer chains for
propagation takes place both on the surfaces and in the gas phase. The free
radicals on the surface interact with monomer also on the surface or in the gas
phase, whilst polymerisation in the gas phase occurs between the radical species
and other radicals, monomers, or monomer fragments. Finally, termination occurs
both in the gas phase and on the surface, similarly to propagation but ending with
either the final product or a closed chain. These neutral final species can be re-

initiated, by collision with electrons or the impact of excited molecules.

2.3.4. Reactor Apparatus and Plasma Deposition

The chamber used herein for RF plasma processing was connected to a pumping
system, to take the chamber down to the base pressure and keep it under vacuum.
A cold trap was placed between the chamber and the pump to remove any reactive
species from the gas flow before they reached the pump and to avoid oil
backstreaming, in lieu of other clearing mechanisms which could otherwise be
employed. A needle valve was used to regulate the precursor flow rate, and a

pressure gauge was installed next to the chamber to monitor the pressure.

The plasma treatments were carried out in a cylindrical glass reactor (5 cm
diameter, 470 cm?® volume) connected to a two stage rotary pump (model E2M2,
Edwards Vacuum Ltd.) via a liquid nitrogen cold trap, Figure 2-7, (base pressure
of 4 x 103 mbar and an air leak rate better than 1 x 10-° mol s1).32 An L-C matching
unit was used to minimize the SWR of the power transmitted from a 13.56 MHz

RF generator to a copper coil (4 mm diameter, 10 turns, spanning 8 cm) externally
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wound around the glass chamber.3® A signal generator (model TG503, Thurlby
Thandar Instruments Ltd.) was used to trigger the RF power supply for the case of
pulsed plasma deposition. Prior to each plasma treatment, the chamber was
scrubbed with detergent, rinsed with propan-2-ol (+99.5 wt%, Fisher Scientific
Ltd.), and further cleaned using a 50 W air plasma for at least 30 min. For the dual
deposition processes a double feed rig head was used, allowing two monomer

tubes to be connected to the apparatus at the same time.

Pressure
Gauge

Prassure Gauge Readout

Plasma Chamber Tube

Cold Trap

Figure 2-7: Schematic of the plasma apparatus.

The precursors were degassed prior to use by 5 freeze-pump-thaw cycles.
0.2 mbar of precursor vapour was then introduced into the chamber via a fine
control needle valve (model LV10K, Edwards Vacuum Ltd.) at a flow rate of
1.7 x 107 mol s, and the reactor was purged with precursor for 5 min, followed
by ignition of the electrical discharge. Film deposition or surface modification was
allowed to proceed for a predetermined period, and then the power supply was
switched off whilst maintaining precursor flow through the reactor for a further
5 min in order to quench any reactive surface sites before evacuation to base

pressure.

The samples for plasma coating were positioned on a glass plate which was
inserted into the centre of the plasma chamber, under the coil. The micro-circuit
board samples (A-D) were positioned on the centre of the glass plate, and as
thickness measurements could not be taken on the micro-circuit boards a piece of
silicon (Si) wafer was placed on either side, allowing a thickness range to be

obtained across the samples, Figure 2-8.
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Downstream Upstream

Figure 2-8: Sample layout within the plasma chamber.

The plasma was not completely uniform within the chamber. The density of
the plasma was most intense in the glow region directly under the coils, and was
less intense downstream towards the pump. This led to a slight unavoidable
variance in the thickness of the deposited coatings. This can also lead to variations
in the degree of plasma fluorination and etching of the samples, Chapter 4, Section
4.4.2. This was the primary reason for using small samples, as larger samples
would have a greater degree of variation in plasma coating thickness or
functionalisation. Small samples could be placed close together to mitigate this as
much as possible. Another way to lessen the effects of plasma density variations
would be to use a larger chamber, which would increase the volume of the region

of highest plasma density, allowing more samples to sit in the same region.

2.4.Spin Coating of Polymers

The substrates were fixed onto a glass plate using double sided adhesive tape
(product code 1445293, Henkel Ltd.), which in turn was attached to the chuck of a
spincoater (model No PRS14E, Cammax Precima Ltd.). Following the coating of
the respective polymer layers, the samples were left to dry in a vacuum oven at 60
°C for 60 min in order to remove any trapped solvent. Then the back faces of the
substrates were carefully cleaned using a cotton bud and acetone, in order to
remove any remaining traces of double-sided adhesive tape which had held the
board in place during spin coating. Care was taken to ensure that no acetone came
into contact with the coating surface. Prior to further testing, the coatings were

visually inspected for the absence of defects.
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2.5.Micro-Circuit Board Fabrication

Single sided copper clad micro-circuit boards were prepared using a photoresist
board (manufacturer part code 141300, Kelan Circuits Ltd., comprising epoxy
woven glass laminate base (National Electrical Manufacturers Association grade
FR4 and British Standard BS4584) coated with a 35 um copper foil and a
photoresist top layer (Photoposit SP24, Dow Chemical Company)). A negative
image mask (designed using Easy-PC 2000 (version 19) software, Number One
Systems Ltd.) was printed onto 100 pum thickness transparent polymer sheets
(product code 0224010460, Ryman UK Ltd.) using black ink (product number PGI-
520BK, Canon Inc.) and an inkjet printer (model IP3600, Canon Inc.). This
negative image mask was then placed on top of the photoresist board, and
exposed to UV irradiation (368 nm, 15 W, 2 min exposure, model LV204, Mega
Electronics Inc.), Figure 2-9. The UV degraded photoresist regions were dissolved
off by immersion into a developer solution for 30 s (1.5% w/v NaOH and 1.5% wi/v
KOH in water, product code AZ303, GSPK Circuits Ltd.) revealing underlying
copper, which was then etched away by dipping into 50% wi/v ferric chloride
solution for 5 min (ferric chloride pellets (product code 3205022, Mega Electronics
Inc.) mixed with 40-50 °C tap water (Northumbrian Water), contained in a bubble
etch tank, (model PA104, Mega Electronics Inc.)). Next, the photoresist board was
rinsed under tap water to wash away any remaining ferric chloride solution. Finally,
the unexposed protective photoresist regions were removed by gently rinsing the
surface in acetone (+99.8 wt%, Fisher Scientific Ltd.), followed by soaking in
propan-2-ol (+99.5 wt%, Fisher Scientific Ltd.) for 20 min. The circuit boards were
designed and prepared by Kelvin Appleby, of the departmental electronics

workshop.
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Figure 2-9: Copper track micro-circuit board fabrication.

The fabricated micro-circuit board layout consisted of two copper contact
pads connected to respective copper tracks (separated by 0.8 mm) on top of the
epoxy glass laminate substrate, Figure 2-10. A small strip of single-sided adhesive
tape (product code 1443170, Henkel Ltd.) was applied to the contact pads prior to
film deposition in order to mask them (i.e. to keep them clean for subsequent

electrical test connection).

Contact
Pads

4 mm
<>

4 mm

10 mm 0.8 mm

10 mm "

~ ”

14 mm

Figure 2-10: Test micro-circuit board copper tracks separated by a 0.8 mm gap.
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2.6.Wet Electrical Barrier Measurement

The immersion in water of coated micro-circuit boards whilst measuring electrical
resistance is a realistic test for evaluating electrical barrier performance.3* Tap
water (156 uS cm ! conductivity, Northumbrian Water), representing a “real world”
scenario for water damage to consumer electronics, was allowed to equilibrate to
room temperature (20 °C) prior to usage. A multimeter (with a lower detection limit
of 10 nA, Keithley 2000, Tektronix UK Ltd.) was used to measure the current flow
for each coated micro-circuit board connected to a variable voltage supply (Model
PS-6010, Instek Ltd.), Figure 2-11. The voltage applied across the circuit was
checked using a handheld multimeter (model 72-770, Tenma Ltd.). Standard wires
and connectors were employed (Flexiplast 2V, stranded wire, 0.75 mm? cross
sectional area, 129 strands, 0.07 mm diameter, negligible internal resistance,
Multi-Contact UK Ltd.).

Support
|~ //////I///I//////—N— le
Micro-
Circuit

\Water Board

Figure 2-11: Circuit diagram for wet electrical barrier testing.

Two small crocodile clips were carefully cleaned with acetone in order to
remove any contaminants, and then fed through two holes in a support lid used to
hold the micro-circuit board in place. This was lowered into a 50 mL glass jar filled

with 32.5 mL of equilibrated tap water.

A fixed voltage was then applied across the 0.8 mm gap between the micro-
circuit board copper tracks whilst immersed in water (e.g. 8 V corresponds to an
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electric field of 10 V. mm-). Current measurements were taken every 30 s over a
13 min immersion period.3® At this stage, the final electrical resistance was
calculated using Ohm’s law. This resistance value was then divided by the total
coating thickness (plasma polymer and polymer base layer combined) in order to

yield the electrical barrier performance (units Q nm?).

2.7.Thickness Measurements

Spectroscopic reflectometry is a non-destructed measurement method that can be
used to determine specific optical constants and the thickness of films deposited
on flat, reflective substrates. As the deposited film and the substrate have different
refractive indices, n, it will have two interfaces: one with the substrate and one with
the surrounding environment (i.e. air), Figure 2-12. When a beam of light (usually
350-1000 nm) is incident on the sample surface some is reflected from the top of
the film, some is transmitted and some is absorbed. Of the light transmitted
through the film, some is reflected back from the interface between the film and
the substrate. Constructive or destructive interference can occur between the light
reflected from the two interfaces depending on the difference in the optical path
length, which in turn depends upon the wavelength of the light, the thickness of
the film, and the optical constants of the film and substrate.6

The overall intensity of the reflected light is reliant upon the amount of
constructive and destructive interference as well as how much light is absorbed by
the film, which is determined by the extinction coefficient, k, and the thickness and
roughness of the film. The interference pattern is measured by recording this
intensity across the wavelength range and can be fitted using a Cauchy material
model using a modified Levenberg Marquardt algorithm to yield the optical

constants and film thickness.3”
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Film

Figure 2-12: The incident monochromatic light (lo) reflected by the top of the film, (Ira),
and the substrate (Irg) causes constructive and destructive interference, from which a

reflectance spectrum can be obtained.

If the refractive index of the film is unknown it can be determined by the speed
at which light can pass through it, relative to the speed of light in a vacuum,
Equation 2-5,38

n= < Equation 2-5
v
where nis the refractive index of the medium, cis the speed of light in a vacuum,

and vis the speed of light in the medium.

In this thesis, thickness measurements were taken using this method. In
further work it would be beneficial to confirm the thickness of the samples by SEM
or any other separate method. This would serve to qualify the results obtained by
this method as well as validating the method itself. The coated micro-circuit boards
lacked sufficient reflectivity for thickness measurements, and therefore silicon
wafer pieces were used instead and placed alongside the circuit boards during the
plasma depositions and modifications. The thickness of the coating on the silicon
samples was measured and used to gauge the coating thickness on the circuit

boards, although it should be taken into consideration that there may be minor
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differences in the actual thickness due to differences in the roughness and
wettability of the substrate.

2.8.Water Contact Angle Analysis

When a droplet of water is in contact with a surface the most favourable shape for
the droplet to take will depend on the chemistry and the topography of the surface,
as well as the parameters of the liquid (surface tension, viscosity, etc.).
Consequently, the contact angle between the liquid and the surface can be a very
useful analysis technique when characterising a surface. Liquids can interact
favourably or unfavourably with a sample surface, typically taking a shape that
minimises their surface area, to allow a greater number of interactions with the
neighbouring liquid molecules. This droplet shape and the resulting contact angle
are determined by the balance of the liquid—solid—vapour surface tensions at the
phase boundaries, Young’s equation,3® Equation 2-6,

cos@ = YTsv Vst Equation 2-6
Yiv

where @ is the droplet contact angle, and ysv, ys, yw, are the solid—vapour, solid—

liquid, and liquid—vapour surface tensions respectively, Figure 2-13.

Vapour
Yiv
Liquid
7
< >
Vsv Ysi Solid

Figure 2-13: Balance of the surface tensions which result in the liquid contact angle.

To measure the contact angle of a surface, a pre-determined volume (e.g. 1
pL) of the desired liquid (e.g. ultra-high purity water) is deposited on the surface
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via a syringe. The droplet should be allowed to equilibrate to account for possible
spreading. An image of the droplet on the surface is then captured using a backlit
microscope optical system or a high-resolution camera, and then a measurement
of the angle, 6, between the droplet and the surface can be taken. Both sides of

the droplet should be measured, and an average taken.

If the liquid and solid interact favourably, the liquid can spread, resulting in a
low contact angle. If water has a low contact angle, the surface is deemed
hydrophilic. This term is used for surfaces with water contact angles of less than
90°. This effect can be caused by the surface having groups which can interact
favourably with the water droplet, e.g. polar groups.“° If the surface interactions
with the water droplets are unfavourable, a high contact angle is obtained,
meaning the surface is hydrophobic. This tends to occur with when the sample has

non-polar surface groups.

When a droplet is in contact with a roughened surface there are two
scenarios which can occur, Figure 2-14. Firstly, if the droplet penetrates the
surface structure, the Wenzel state is achieved,*! but if the droplet sits on top of
the surface features, trapping pockets of air in the spaces, the droplet is in the
Cassie-Baxter state.*?

(a) (b)

|_LI_LI_LI_LI_I_I_I_I_LI_LI_‘|—LI_LI_LI_LI_LI_LI_LI_LI_‘

Wenzel State Cassie-Baxter State

Figure 2-14: A droplet on a rough surface showing: (a) the Wenzel state; and (b) the

Cassie-Baxter state.

Young’s equation, Equation 2-6, can be modified to fit the Wenzel and
Cassie-Baxter states, Equation 2-7 and Equation 2-8 respectively. To apply
Young’s equation to the Wenzel state, it can be modified to give Equation 2-7,
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cos@* = r LV Yst Equation 2-7
YLv
where 6*is the apparent contact angle and ris the roughness ratio (the surface
area to the projected surface area). The Cassie-Baxter modification requires an

additional factor, to give Equation 2-8,
cosO® =ry fcosO+ f—1 Equation 2-8

where rris the roughness ratio of the wet surface area, and fis the fraction of solid
surface area which is wet by the liquid. As such, surface roughness increases the
hydrophilicity of an already hydrophilic surface and increases the hydrophobicity
of an already hydrophobic surface.

For a surface to be classed as superhydrophobic, it must have both a high
contact angle and a low hysteresis. If a droplet is sitting on a tilted surface, it must
overcome an energy barrier to begin moving. The contact angle of the leading
edge of the droplet moving down the gradient is termed the advancing contact
angle, and the trailing edge is termed the receding contact angle. The advancing
and receding edges of the droplet can have different activation energies giving a
difference in the contact angles.**#* This is known as contact angle hysteresis,
Figure 2-15. The hysteresis value is the difference between the advancing (6a) and
receding (6r) contact angles; if Ba is high and 6 is low, the contact angle hysteresis
is high, and if there is only a small difference between 6. and 6, the contact angle
hysteresis is low.
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(a) High Hysteresis / \' (b) Low Hysteresis

(>

Figure 2-15: High and low hysteresis shown when the surface is tilted: (a) the surface has
high hysteresis, 68, is significantly greater than 6;; and (b) the surface has low hysteresis

there is little difference between 6, and 6..

2.9.Infrared Spectroscopy

An infrared (IR) spectrum is obtained as a result of the absorption of
electromagnetic radiation at specific frequencies which are associated with the
vibration of bonds within a molecule. The primary requirement of absorption of IR
radiation resulting in IR activity is that there must be a net change in the dipole
moment of the molecule.*® This results in absorbances at specific wavelengths,
giving a specific “fingerprint” of the molecule. The vibrational modes of molecules
occur at the characteristic frequencies dependent on the specific covalent bonds
which are excited.*® The wavelength of light that is absorbed is dependent of the

amount of energy required to cause the bond to vibrate, which is related to the
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spring constant and the reduced mass of the bond. Strong bonds and small
masses of the atoms result in higher frequency absorbances.*” The frequency of
the bond vibration, the mass of the atoms, and bond strength are related by
Equation 2-9,

1 |f

=— |= Equation 2-9
2cA\| n

where vis the frequency, fis the force constant, and y is the reduced mass.
The reduced mass corresponds to the relationship between the masses (m:and

my) of the atoms of the bond in question, Equation 2-10.4¢

= umz oo,
= ——— Equation 2-10

The normal modes of vibration for a molecule can be predicted by the number
of atoms in said molecule. A molecule comprising N atoms will have 3N degrees
of freedom. In a non-linear molecule, three of these are rotational and three are
translational degrees of freedom and remaining degrees of freedom are the
fundamental vibrations. In a linear molecule two are rotational and three are
translational, leaving the remainder as vibrational degrees of freedom. As such,
linear molecules have 3N-5 vibrational degrees of freedom, and non-linear
molecules have 3N-6 vibrational degrees of freedom.* As per the selection rules,
IR activity arises from the fundamental vibrations that result in a net change in the
dipole moment. The most common types of molecular vibrations are stretching
(symmetric or asymmetric) and bending of the molecule (in plane or out of plane),

with wagging, rocking and scissoring subtypes.*®

Fourier transform infrared spectroscopy (FTIR) involves the analysis of the
absorbance of light. A broadband source is passed through an interferometer
comprised of a series of fixed and movable mirrors. In the interferometer the light
passes through a beam splitter, which sends the light in two directions at right
angles. One beam goes to a stationary mirror and then returns to the beam splitter
and the other goes to a moving mirror. The motion of the mirror makes the total
path length variable versus that taken by the stationary mirror beam. When the
two meet again at the beam splitter, they recombine, but the difference in path

lengths creates constructive and destructive interference pattern known as an
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interferogram. The various wavelengths of light are blocked or transmitted, due to
the constructive and destructive interference of the beams between the mirrors.
The movable mirror can be adjusted to tailor the transmitted wavelength. This
wavelength is then passed through the sample, and the transmitted raw data
results in the IR spectrum, Figure 2-16.4° The spectrum comprises the light
absorption/transmittance at each wavelength measured (typically within the 4000—
200 cm region). The intensity is generally reported in terms of percent

transmittance, i.e. the amount of light that passes through the sample.
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Figure 2-16: Schematic representation of the IR beam path.

The beam which reaches the detector then undergoes Fourier transformation
which relates the intensity of the detected beam, /(6), to the power at a specific

wavenumber, 7, and is given by B(¥), Equation 2-11 and Equation 2-12.

1(8) = [, B(D) cos(2m08) dd Equation 2-11
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B(0) = [, " I(8) cos(2m08) d& Equation 2-12

Equation 2-11 gives the variation in power density as a function of the
pathlength difference, resulting in an interference pattern, and Equation 2-12

shows the variation in intensity as a function of the wavenumber.4°

Solid samples are typically analysed in one of two ways. Reflection
absorption infrared spectroscopy (RAIRS), bounces the light beam off the sample,
towards the detector. Very thin films can be analysed using this method, as the
beam passes through the sample, exciting the bonds, resulting in the molecular

vibrations generating the IR spectrum.

Attenuated total reflectance (ATR) is generally used for thick films and liquid
samples. This method involves passing the beam through a diamond crystal, to
undergo total internal reflection at the crystal-sample interface. When experiencing
internal reflectance, an evanescent wave penetrates into the sample, exciting the

bonds at their characteristic frequencies, resulting in the infrared spectrum.

There are two types of detectors which are commonly used in FTIR systems.
The deuterated triglycine sulphate (DTGS) detector is a pyroelectric sensor which
is a type of thermal detector. This is reliant upon pyroelectricity, which is the ability
of certain materials to generate a temporary voltage when they are heated or
cooled. The change in temperature modifies the positions of the atoms slightly
within the crystal structure, such that the polarization of the material changes. This
polarization change gives rise to a voltage across the crystal, which in turn is used
to generate the spectrum. The response time and sensitivity of pyroelectric
detectors is fairly low in comparison to photoconductive detectors. The mercury
cadmium telluride (MCT) detector is a photovoltaic detector. The material is
a semiconductor with a narrow band gap, allowing incident IR photons to cause
electronic excitations, which generates the spectrum. The thermal noise of these
detectors can be high, but is easily cut by cooling the detector, usually with a liquid
nitrogen cold trap. Once the thermal noise is reduced, the overall sensitivity of the
detector is greatly improved.
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2.10. Optical Emission Spectroscopy

Optical emission spectroscopy (OES) is a common diagnostic tool in many light
emitting processes, such as flames, arcs, sparks, or plasmas. OES allows
identification of the chemical composition of these emission processes by analysis
of the spectral lines of the emitted light.°%% The main advantage to using this
diagnostic method for plasma identification is that it can provide information on the
chemical species within the glow discharge, but is non-intrusive, and does not
affect the plasma in any way.>! The intensity of the emitted light is proportional to
the quantity of each element; higher peaks suggest a higher proportion of a
specific element. Whilst useful for species identification in a continuous plasma,
OES is less useful when trying to observe pulsed plasmas, as the power is

generally on for such a short time that there is very little emission of light.

The optical emission to be analysed can be produced by electron impact
excitation, Equation 2-13, or dissociation, Equation 2-14, or by ion impact,
Equation 2-15.

A+e - A"+ e Equation 2-13
AB+e - A"+ B+ e Equation 2-14
AT+ X - A (+M) Equation 2-15

These processes create the excited species, A*, which can emit a photon to
allow it to return back to the ground state, or an excited state at a lower energy
level, A**, Equation 2-16.

A" - A"+ hv Equation 2-16

The transition from the first excited state, W7, to the ground state, W,
generally results in the most intensely emitted radiation of the plasma. These
levels are quantised for each compound or element, so every transition gives a
characteristic spectral line of a defined frequency, v, and wavelength, 4, Equations
2-17 and 2-18.

wi-w
Vo = —1 2 Equation 2-17
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hc
Wi-Wy

Aig = Equation 2-18

where cis the speed of light.

Typically, an OES comprises a monochromator, to pick up and disperse the
light from the plasma, and a photodetector to measure this light, Figure 2-17.
Plasma light emissions span a very wide range of frequencies, from the infrared
region to the X-ray region, whilst OES is primarily used in the 200—-900 nm range,
which is the most useful in terms of element identification in most common

plasmas.

Plasma /\/ Monochromator|—|  Detector |

Optical Fibre

Output

Figure 2-17: Schematic representation of the plasma-OES system.

2.11. Atomic Force Microscopy

Atomic force microscopy (AFM) is used to determine the surface topography
and morphology of a sample. The surface of the sample is scanned with a very
sharp tip attached to a cantilever. The tip responds to the topography of the sample
surface, and deflects a laser beam, which is focused on the end of the cantilever.
A photodiode monitors the deflection of the laser beam, and links into a feedback
loop to control the sample stage Figure 2-18.52-5% There are three main modes of
operation of the AFM, which are selected based on the type of sample surface to

be analysed.
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Figure 2-18: Schematic showing the AFM system.®®

2.11.1. Contact Mode

Bringing the tip into such close proximity to the sample surface that the repulsive
forces between the tip and the surface are dominant is a scanning type known as
contact mode. During the scan the tip—surface height can be adjusted to maintain
a constant force, by sustaining a constant laser deflection. Changes in Z height of
the sample piezo are accumulated to form a topographic surface picture.>? If the Z
height is not altered in accordance with the tip—surface height there is a risk of the
tip colliding with artefacts or defects on the sample surface, causing damage to
the tip. However, even when the height is continually adjusted throughout the scan,
soft samples can still be damaged relatively easily due to frictional forces between

the tip and sample.

2.11.2. Non-Contact Mode

Oscillating the cantilever close to its resonant frequency slightly above the surface
of the sample (approximately 10 nm) is known as non-contact mode. As the tip
and sample surface come closer together, the long-range forces between the tip
and the surface reduce the resonant frequency of the cantilever. The tip frequency
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is maintained at a constant value by the feedback loop adjusting the tip—sample
distance. The weak interactions which dominate this scanning method result in the
images acquired often having much more noise than other scanning methods.>?
Additionally, hydrodynamic damping can occur if there is any adsorbed liquid on
the sample surface. However, the fact that there is no direct contact between the
tip and the surface allows soft samples to be scanned without risking damage to

the surface.

2.11.3. Tapping Mode

Tapping Mode involves vibrating a tip at the end of a cantilever and bringing the
tip into intermittent contact with the sample surface. When the tip interacts with a
surface feature its amplitude decreases from its previous amplitude of oscillation.
The AFM senses this decrease and the tip is raised away from the sample in order
to re-attain the previous amplitude of oscillation. In this way the tip can be rastered
across the sample to generate topographical images. Because the interaction of
the tip with the sample surface is sensitive to the sample’s mechanical properties
such as viscoelasticity, an understanding of these qualities can also be gained
through tapping mode.>” Damping and driving forces also have an impact on the
motion of the cantilever, not solely the spring tension. The damping force is
proportional to the negative of the velocity. Additionally, the reactionary force of

the surface must be taken into account.

Tapping mode has a number of advantages over other microscopic
techniques, such as low lateral shear forces and the ability to image soft, fragile
samples with no risk of damage to the surface, and for this reason tapping mode

is very useful for imaging biological and polymer samples.>"-58

2.12. Scanning Electron Microscopy

The surface morphology of a sample can also be investigated using scanning

electron microscopy (SEM). SEM is used to obtain images of a surface by
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scanning a sample with a beam of electrons. The secondary electron emission
signal caused by the interaction of the electron beam with the sample surface is
one of the most commonly used SEM measurement techniques. This interaction
of the electron beam with the surface causes ionisation of the atoms within the
sample, and any weakly bound electrons can then be emitted and subsequently
picked up by the detectors.>® Secondary electrons have a low energy and are
generally emitted from only the first few nanometres of the surface, allowing
topographical information to be gathered.®® Thus, secondary electron detection
can be accurately used to obtain a detailed picture of the surface morphology with
a good resolution. The secondary electrons are attracted towards an electrically
biased grid, then further accelerated towards a scintillator (a material that can
fluoresce when struck by charged particles), causing cathodoluminescence. This
is conducted to a photomultiplier and the amplified output is displayed as an
energy distribution. The brightness of the signal is dependent on the number of
secondary electrons reaching the detector.>® The secondary electrons escape
from the activated area where the beam meets the sample. When the beam is
perpendicular to the sample a relatively small number of electrons can escape, but
when the angle of incidence increases the interaction area also increases,
resulting in more secondary electrons being emitted. As a result, edges, peaks
and surface roughness appear brighter than flat surfaces, and three-dimensional

image is formed.

If an electron escapes the surface with an energy of over 50 eV it is known
as a backscattered electron.® These are typically associated with the electrons
from the electron beam striking a nucleus within the sample and bouncing back
towards the source. This is typically observed for 10-50% of electrons from the
beam and occurs more often for elements with a higher atomic number, due to the
greater positive charge on the nucleus. As such, whilst backscattered electrons
can be used to obtain a topographical image of the surface, they can also provide
compositional information, e.g. a backscattering yield of ~6% suggests the
presence of mostly light elements, whereas a ~50% backscattering yield suggests

there are more heavy elements present.>®

SEM electron beams should ideally have a high current, small spot size, and

small dispersion of energy. The beam is focussed using a magnetic field, as it
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gives a smaller aberration than an electrostatic field, so a series of magnetic fields
are used to alter the electron beam diameter, varying the focal length, Figure 2-19.
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Figure 2-19: Schematic showing the SEM system.

After the electron beam passes through the anode plate of the source it
begins to disperse, so a magnetic condenser lens is used to converge the beam.
A second condenser lens is then used to add an extra level of regulation over the
beam width. Adjustment of these two lenses allows control of the focal length of
the beam, so it can be focussed accurately on the sample surface. When the beam
reaches the surface, electrons are bounced back (backscattering) towards
detectors positioned near the aperture, or weakly held electrons are excited and
allowed to escape (secondary electrons). Secondary electron detectors utilise an
electron amplifier to enhance the signal.®® The amplifier accelerates the beam into
a cathode to produce more secondary electrons. As the beam can only generate

information about the specific spot it is focused upon, it must be repeatedly
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scanned across the sample surface. The magnitude of the detected signal is used
to build a line by line image of the surface.

2.12.1. Energy Dispersive X-Ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDX or EDS) is a microanalysis technique
often used alongside SEM. During the SEM process, Section 2.12, X-rays are
emitted from the sample under bombardment by the incident electron beam. The
X-rays are then picked up by the EDX detector, and converted to an output signal,
the energy of which corresponds to a particular element. The result of this is that
the elemental composition of a sample can be characterised using this technique.

The process which causes the X-ray emission is similar to that of the electron
emission in SEM. When the electron beam strikes the sample, electrons are
ejected. The vacancies left by these lost electrons are then filled by electrons
falling from higher energy levels. The energy difference of this transition results in

the emission of an X-ray, Figure 2-20.6162
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Figure 2-20: X-ray emission for EDX.

The energy of this X-ray is characteristic of the difference in energy between
the two electron shells, and is unique to each specific element. The detector
(typically a silicon drift or Si(Li) detector) measures the abundance of each
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particular energy relative to the amount of emitted X-rays.3 The crystal contained
within the EDS detector absorbs the energy of the incident X-rays, and subsequent
ionisation produces free electrons in the crystal resulting in an electrical bias. This
electrical signal is then converted to a spectrum. The information gathered here
can then be used determine the relative concentrations of each element in the
sample, with an output showing an energy peak corresponding to a specific
element. As a result, EDX can be used as both a gualitative and quantitative
measurement system, giving information on both the type of element present, as

well as the overall proportion of each element.

When focusing the electron beam on a sample, it can be useful to look at
the surface, to gain information about the chemical composition of the topmost
layer. If the sample is tilted the beam can be focused on the edge, Figure 2-21, to
determine the composition of the bulk of the sample. If the sample is made up of
more than one chemically distinct layer, EDX can be used to examine the interface,
showing the boundary between the chemical regions, and the proportion of specific
elements within each region. EDX can also be used to look for contaminants within

a sample, which can give information about potential failure modes of a coating.
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Figure 2-21: EDX sample orientation.
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2.13. X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique which is
used to determine the chemical composition of a sample. X-ray irradiation is used
to stimulate the photoemission of core or valence level electrons from the sample
surface (approximately the top 5 nm),%* by the photoelectric effect, Figure 2-22,6566
As the core electrons are relatively insensitive to the surrounding chemical
environment so they can retain signature the signature binding energy of the atom.

The electrons which participate in chemical bonding result in a “valence band”.
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Figure 2-22: Schematic representation of XPS photoemission.

J

The binding energy of the emitted electron can be calculated from the
measured kinetic energy, Equation 2-19,55-67

E, =hv— E,— 0 Equation 2-19

where Ekis the kinetic energy of the emitted electron, £»is the binding energy,
hvis the excitation energy, and @ is the work function. The binding energy can be
viewed as the difference in energy between the final and initial states of the atom
after emission of the electron. Due to the wide variety of potential final states of
the ions from each atom type, there is a broad range of kinetic energies of the
emitted electrons.®® Additionally, variances in binding energy can arise from spin-
orbit splitting: core levels with an orbital angular momentum quantum numbers of

greater than 1 (p, d, f orbitals) are split into doublets upon ionisation, and the higher
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angular momentum states have lower binding energy, due to the higher kinetic
energy.® For p levels the splitting ratio is 1:2, for d levels is it 2:3, and for f levels
it is 3:4.56

The chemical environment around each core electron affects the binding
energy, so individual binding energy peaks within a broad envelope can be used
to identify the nature of the surrounding environment.®® The binding energy of the
emitted photoelectrons is characteristic to both the element in question and its
surrounding environment, so the peaks in the XPS spectrum consist of binding
envelopes which can contain multiple peaks characteristic of the different binding
environments within the sample. Atoms with a higher nuclear charge have a higher
binding energy of the core electrons. The binding energy of the core levels of an
atom will depend on the surrounding environment and the chemical species it is
bonded to. A shift in the binding energies of the core levels can result from charge
transfer giving atoms partial positive or negative charge.®® Chemical shifts in
binding energies are due to differences in the polarizability and chemical potential
of the compounds.®® This is because of changes in the attraction between the core
electrons and the nucleus of the atom, and is reliant on the surrounding
environment. For example, atoms in higher oxidation states result in peaks at
higher binding energies than the same atom in a lower oxidation state. Because
of this effect, XPS can be used to identify the chemical states of various material

surfaces.%6

X-Ray photons are generated by the impaction of thermionic electrons on the
electrodes, usually magnesium or aluminium (Mg Ka: 1253.6 eV and Al Ka 1486.6
eV respectively).®® These have the energy required to eject surface electrons from
a sample, yet have a limited penetrating power for samples on the order of 1-10
pm. Under ultra-high vacuum (UHV) conditions, the ejected electrons are then
captured by a concentric hemispherical analyser, which allows only electrons of a
particular kinetic energy to pass through to reach the detector, Figure 2-23.56.70
The concentric hemispherical analyser consists of two electrically isolated
hemispheres, with a potential difference between them. The resulting electrostatic
field separates the electrons by only allowing those of a particular kinetic energy
(the pass energy) through to the detector. Electrons with too low energy will strike

the inner positive hemisphere and be neutralised, and electrons with too high
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energy will strike the outer hemisphere and be neutralised. As such, a retard plate
should be used to obtain a full spectrum: applying a negative voltage to a retard
plate can slow the electrons until they have the exact “pass energy” to allow them
to pass through the analyser, allowing scanning of the electron kinetic
energies.®® 0 The intensity of the peaks obtained depends on multiple factors,
such as the concentration of the atoms, the probability of photoemission, the

inelastic mean free path of the photoemitted electron, etc.

Hemispherical
Analyser

Detector

Figure 2-23: Schematic representation of XPS equipment. The incident X-Rays cause
photoemission of the electrons, which are accelerated towards the hemispherical
analyser. The electrons with the correct energy pass through the hemispherical analyser

to reach the detector.

When running XPS without a monochromated X-Ray source, satellite peaks
are found on the spectrum.%87! These satellite peaks occur at a displacement and

intensity specific to the X-Ray anode and machine, and certain anodes, like Mg

Experimental Techniques 68



Ka anodes, have a relatively small satellite resonance.®® When the X-Rays interact
with the sample surface, inelastic back scattering of electrons from the surface can
arise. When the binding energy of the electrons is higher, more back scattering
occurs, giving a higher background spectrum. This results in a stepped
background on the acquired spectrum. As a range of binding energies are acquired
for each sample, a variation in the signal intensity is obtained for each binding
energy value. Analysis of the data requires the fitting of a curve to the data, and
the area under this curve can be used to determine the proportion of each chemical
environment. Consequently, an accurate measure of the chemical composition of
a surface can be determined.’”?> Most commonly, Gaussian or Lorentzian functions
are used to fit peaks to the data curves, and the area of each peak gives the
relative amount of each chemical environment present in the sample. The peak
intensity is related to the cross section of the ionisation process, and this requires
correction with sensitivity factors so that the peak areas can be used to obtain

guantitative information about the surface composition.®
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Chapter 3: Plasmachemical Double Click Thiol-Ene
Electrical Barrier Coating

3.1. Abstract

Plasmachemical click thiol-ene chemistry is demonstrated for the reaction of thiol
containing molecules with surface alkene bonds. This reaction mechanism is
shown to be two-fold for allyl mercaptan, an alkene and thiol bond containing
precursor, leading to self-crosslinked nanolayer deposition in tandem with
interfacial crosslinking to the surface alkene bonds of a polyisoprene base layer.
A synergistic multilayer structure is attained which displays high wet electrical

barrier performance during immersion in water.

H-C
FYNASgH 4— Crosslinked Plasma Polymer
] < +— Polyisoprene
Plasma Click Sub
Thiol-Ene — Substrate

3.2.Introduction

The continual drive towards smaller portable electronics with greater functionality
(e.g. smartphones and wearable devices) is leading to more stringent demands
for device performance (e.g. operation during immersion in water or protection
against accidental spillage).! Hence, there exists a strong demand for high
electrical barrier coatings which block water ingress in order to prevent device
failure through corrosion, degradation, or electrical short circuiting.? Polymeric
layers are at the forefront of such protective coatings due to their high electrical
insulation and low permeation properties.>* Examples include polystyrene,®
parylene,® urethane modified polybutadiene,’ polymer composites,® amorphous
hydrocarbon films,%1° plasma deposited polysilicon coatings,’*? and plasma
polymers.'? Further enhancement of electrical barrier properties can be achieved
through crosslinking,*3# or multilayering, Section 1.3. In the case of the latter, the

layering of ultra-thin films helps to block pin-hole defects.!>18 Therefore, in
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principle, a combination of crosslinking and multilayering should lead to further
improvement in electrical barrier performance.® However, existing fabrication
processes suffer from having extended time frames, involving multiple lengthy

steps as well as requiring elevated temperatures.

In this thesis, the attributes of combining interfacial crosslinking with
multilayering is accomplished through the utilisation of plasmachemical thiol-ene
click reactions leading to high wet electrical barrier performance.?’° A structure-
behaviour relationship study has shown that an alkene-thiol precursor (allyl
mercaptan) undergoes the formation of a thiol-ene self-crosslinked nanolayer in
tandem with interfacial crosslinking to an alkene bond containing polymer base
layer (polyisoprene), Scheme 3-1.
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Scheme 3-1: Interfacial thiol-ene crosslinked barrier formation between polyisoprene
base layer and l1-propanethiol versus allyl mercaptan plasma polymers. The latter
undergoes additional thiol-ene crosslinking between adjacent precursor molecule thiol

and alkene groups.?%2

3.3.Experimental

3.3.1. Polymer Spin Coating

Spin coating of the polymers was performed as per Section 2.4. A 5% wiv
polybutadiene solution was prepared by dissolving 2.5 g polybutadiene (PBD, Mw
~200,000, Sigma-Aldrich Co.) in toluene (99.99 wt%, Fisher Scientific Ltd.) in a 50
mL volumetric flask. The solution was agitated for 3 days (sample shaker Vibrax-
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VXR Model No. VX 2, IKA-Werke GmbH) to ensure the polybutadiene had
completely dissolved. The polybutadiene solution was spin coated at 3000 rpm

onto the prepared micro-circuit boards.

A 10% w/v polyisoprene solution was prepared by dissolving 2 ¢
polyisoprene (PIP, Mw ~40,000, Sigma-Aldrich Co.) in toluene to make up to 20
mL total volume. The solution was agitated for 2 days to ensure the polyisoprene
had completely dissolved. The polyisoprene solution was spin coated at 3000 rpm

onto the prepared micro-circuit boards.

A 10% wl/v polystyrene solution was prepared by dissolving 1 g polystyrene
(PS, Mw ~280,000, Sigma-Aldrich Co.) in toluene in a 10 mL volumetric flask. The
solution was agitated for 2 days on the sample shaker to ensure the polystyrene
was completely dissolved. The polystyrene solution was spin coated onto the
prepared micro-circuit boards at 2000 rpm.

3.3.2. Plasmachemical Deposition

Plasma depositions were carried out as per Section 2.3. The precursors used for
plasma deposition were 1H,1H,2H,2H-perfluorooctyl acrylate (PFAC-6, +95 wt%
purity, Fluorochem Ltd.), glycidyl methacrylate (GMA, +97 wt% purity, Sigma-
Aldrich Co.), tetramethylsilane (TMS, +99.9 wt% purity, Alfa Aesar Co. Ltd.), 1-
propanethiol (+99 wt% purity, Sigma-Aldrich Co.), and allyl mercaptan (2-propene-
1-thiol, +80 wt% purity, Tokyo Chemical Industry Ltd.). Control plasma surface
modification using hydrogen sulphide (+99.5% purity, Aldrich Chemical Co.) was
also carried out. For each case, polymer base layer coated micro-circuit boards
were placed into the centre of the plasma reactor followed by evacuation to system

base pressure.

3.3.3. Film Thickness

Film thickness measurements were carried out on coated silicon wafer pieces

(1 cm?, 5-20 Q cm resistivity, Silicon Valley Microelectronics Inc.) using a
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spectrophotometer (model nkd-6000, Aquila Instruments Ltd.). The obtained
transmittance-reflectance curves (350—-1000 nm wavelength range and parallel (P)
polarised light source at a 30° incident angle) were fitted to a Cauchy model for
dielectric materials,?® using a modified Levenberg-Marquardt method (version 2.2
software, Pro-Optix, Aquila Instruments Ltd.).?* The thickness values quoted
herein were measured in this way, and prior to taking these coatings towards scale
up and industrialisation the thicknesses should be confirmed using other methods,

such as microscopy or SEM.

3.3.4. X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) analysis of the plasma deposited 1-
propanethiol and allyl mercaptan layers was carried out using a VG ESCALAB Il
electron spectrometer equipped with a non-monochromated Mg Ka X-ray source
(1253.6 eV) and a concentric hemispherical analyser. Photoemitted electrons
were collected at a take-off angle of 20° from the substrate normal, with electron
detection in the constant analyser energy mode (CAE, pass energy = 20 eV and
50 eV for high resolution and survey scans respectively). Instrument sensitivity
(multiplication) factors were experimentally determined to be C(1s):S(2p):O(1s)
equals 1.00:0.57:0.35 by using a polysulphone standard (0.005 in film, Westlake
Plastics Company Inc.).?>26 All binding energies were referenced to the C(1s)
hydrocarbon peak at 285.0 eV.?> A background was subtracted from each core
level spectrum which was then fitted using fixed full width half maximum (FWHM)

Gaussian peaks.?’

3.3.5. Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopic analysis of the 1-propanethiol and
allyl mercaptan precursors was performed using a FTIR spectrometer (Spectrum
Two, PerkinElmer Inc.) fitted with a transmission cell and a deuterated triglycine
sulphate (DTGS) detector. Spectra were acquired across the 450—-4000 cm*

range and averaged over 16 scans at a resolution of 4 cm™. A droplet of precursor
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was dispensed between two KBr plates and spectra taken. Reflection-absorption
infrared spectroscopy (RAIRS) analysis of plasma deposited layers onto silicon
wafers (Silicon Valley Microelectronics, Inc.) was carried out using a liquid nitrogen
cooled mercury cadmium telluride (MCT) detector (Spectrum One, PerkinElmer
Inc.) and a variable angle accessory (Specac Ltd.) fitted with mirrors aligned at an
angle of 66° to the sample normal. The spectra were averaged over 285 scans at

a resolution of 4 cm™.

3.3.6. Energy Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDX or EDS) images were acquired on a
scanning electron microscope (TM3030Plus, Hitachi High-Technologies Corp.)
operating in secondary electron detection mode at an accelerating voltage of
15kV. The microscope was equipped with an energy dispersive X-ray
spectrometer (TM3030 series, Hitachi High-Technologies Corp.), to obtain EDX
images for element identification, using the associated software (Quantax 70,

Bruker Corp.).

3.4.Results and Discussion

3.4.1. Plasma Deposited Top Layer

Diffusion of aqueous ions through a barrier layer towards an underlying electronic
circuit governs the overall level of device protection, and therefore electrical
resistance measurements taken during water immersion are a strong indicator of
a coating’s wet electrical barrier performance.?®?® A structure-behaviour
relationship study screened precursors containing a range of different functional
groups for plasma deposition onto a polybutadiene base layer: 1H,1H,2H,2H-
perfluorooctyl acrylate, glycidyl methacrylate, tetramethylsilane, 1-propanethiol,
and allyl mercaptan, Figure 3-1. A general trend was found showing an
improvement in wet electrical barrier with increasing plasma polymer layer

thickness; for instance, in the case of both glycidyl methacrylate and

Plasmachemical Double Click Thiol-Ene 81



tetramethylsilane precursors, an absence of current flow was reached for
thicknesses exceeding 1.4 um. The thinnest plasma deposited layers displaying
high electrical barrier were obtained for the allyl mercaptan precursor; whilst in
contrast, structurally related 1-propanethiol (which contains no carbon-carbon
double bond) was found to be poor at comparable thicknesses, Figure 3-1 and
Figure 3-2. It is evident that the plasma deposited allyl mercaptan layer does not
follow the general trend observed for the other precursors screened (the latter
show increased layer thickness leads to a gradual improvement in wet electrical
barrier). Due to the resistance exceeding the detection limit of the apparatus it
cannot be unequivocally stated where exactly the allyl mercaptan lies on the graph,
only that at similar thicknesses the other coatings do not show the same
resistance. HzS plasma modification of polybutadiene was employed as a control
to verify that surface sulphonation alone is insufficient to attain good wet electrical
barrier performance. The high wet electrical barrier measured for allyl mercaptan
plasma polymer coating exceeds the performance found for existing coatings,

such as 1H,1H,2H,2H-perfluorooctyl acrylate plasma polymer, Figure 3-1.3°
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Figure 3-1: Wet electrical barrier after 13 min immersion in water under an applied electric
field of 10 V mm?, for a range of plasma polymers deposited onto spin coated
polybutadiene base layer (thickness 1870 = 40 nm): 1H,1H,2H,2H-perfluorooctyl acrylate
(PFAC-6, pulsed duty cycle ton = 20 s, tof = 20 ms, and Pon = 40 W, 0.2 mbar); glycidyl
methacrylate (GMA, continuous wave 5 W, 0.2 mbar); tetramethylsilane (TMS, continuous
wave 3 W, 0.2 mbar); 1-propanethiol (PT, continuous wave 2 W, 0.2 mbar); and allyl
mercaptan (AM, continuous wave 2 W, 0.2 mbar) precursors. Polybutadiene base layer
(PBD) and following H>S plasma exposure (PBD hydrogen sulphide, continuous wave
2 W, 0.2 mbar) are included as controls. Samples marked within dashed boxes reached

the instrument detection limit of 8 x 108 Q.

Wet electrical barrier values for the samples which did not remain at the
instrument detection limit, namely 1H,1H,2H,2H-perfluorooctyl acrylate, glycidyl
methacrylate, tetramethylsilane, and 1-propanethiol, tended to show a significant
increase in current flow from the beginning of water immersion (t = 0 min) until the
end of the immersion test, Table 3-1. The samples plasma coated with
tetramethylsilane initially showed a good electrical barrier, but degraded over the
immersion time, whereas the samples coated with 1-propanethiol showed a
relatively high current flow initially. The 1H,1H,2H,2H-perfluorooctyl acrylate,

glycidyl methacrylate, and tetramethylsilane coated samples, when deposited at
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relatively high thicknesses, degraded over time under immersion despite initially

showing no current flow.

Table 3-1: Wet electrical barrier measurements under an applied electric field of
10 V mm?, for a range of plasma polymers deposited onto a spin coated polybutadiene
base layer (thickness 1870 + 40 nm): 1H,1H,2H,2H-perfluorooctyl acrylate (pulsed duty
cycle ton= 20 s, torr= 20 ms, and Pon = 40 W, 0.2 mbar); glycidyl methacrylate (continuous
wave 5 W, 0.2 mbar); tetramethylsilane (continuous wave 3 W, 0.2 mbar); and
1-propanethiol (continuous wave 2 W, 0.2 mbar). *Reached the instrument detection limit
of 8 x 108 Q.

Plasma Log Electrical Barrier / Q nm!
Precursor Polymer

Thickness / nm t=0min t=13min
299 + 45 2.69+1.44 0.64 £0.16

1H,1H,2H,2H-
642 +71 4.54 £ 0.64 2.69 + 0.37

perfluorooctyl acrylate
984 + 76 * 3.62 +0.07
299 +12 2.74 £ 0.06 1.51+£0.26
Glycidyl methacrylate 574 £ 2 4.69+0.31 3.39+£0.54
1338 + 59 * 5.25+0.21
780 + 38 * 4.87 £0.85
Tetramethylsilane

1171+ 20 * 5.03 £ 0.55
182 +11 2.72+0.14 0.38+0.31

1-Propanethiol
248 + 33 2.89+0.18 0.38+0.21
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Figure 3-2: Micro-circuit board photographs taken after wet electrical barrier testing
(10 V mm? electric field applied for 13 min): (a) allyl mercaptan plasma polymer on
polyisoprene base layer; and (b) 1-propanethiol plasma polymer on polyisoprene base
layer. The plasma polymer thickness was 555 + 23 nm, and the polyisoprene base layer
thickness was 1350 + 40 nm. Similar results were obtained when a polybutadiene base

layer was used instead of polyisoprene.

No correlation was found between wet electrical barrier and static water
contact angle values, Figure 3-1 and Table 3-2. The most hydrophobic plasma
deposited coating (1H,1H,2H,2H-perfluorooctyl acrylate) showed a relatively poor
wet electrical barrier performance, whilst the best performing coating (allyl

mercaptan) had a comparatively low water contact angle.
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Table 3-2: Sessile water drop contact angle measurements of the plasma deposited
precursors and the polybutadiene and H.S plasma treated polybutadiene control samples.

Water
Coating Deposition Method Contact
Angle/°
Polybutadiene Spin coating 105+1
1H,1H,2H,2H-perfluorooctyl
Pulsed plasma 129+1
acrylate
Glycidyl methacrylate Continuous wave plasma 72+1
Tetramethylsilane Continuous wave plasma 104 +1
1-Propanethiol Continuous wave plasma 85+1
Allyl mercaptan Continuous wave plasma 83x1
. Spin coating / continuous wave
Polybutadiene / H2S 9%6+1
plasma

For both 1-propanethiol and allyl mercaptan plasma polymers, XPS analysis
detected the presence of elemental carbon, sulphur, and a small amount of
oxygen, Figure 3-3 and Table 3-3. The low level of oxygen can be attributed to
some aerial surface oxidation during sample transfer from the plasma deposition
chamber.3132 The C(1s) spectra were consistent with hydrocarbon (285.0 eV) and
carbon-sulphur (286.9 eV) environments, Figure 3-3.2°> No significant difference in
the measured sulphur concentration was found between the 1-propanethiol and
allyl mercaptan plasma polymer layers. The S(2ps/2) and S(2p1/2) component peak
binding energies are consistent with C—S—C?626 or C-S—H (thiol) environments,33-
35 and do not correspond to oxidised sulphur (S(2ps/2) binding energy range 166—
168 eV).2>33
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Figure 3-3: High resolution XPS spectra of continuous wave 2 W, 0.2 mbar plasma

deposited layers: (a) 1-propanethiol; and (b) allyl mercaptan. The sulphur spectra are fitted

to S(2psr2) and S(2p12) components (separation 1.18 eV, and 2:1 relative peak area ratio).

The background has been subtracted from these spectra for clarity.
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Table 3-3: Elemental XPS compositions for 1-propanethiol and allyl mercaptan plasma

polymer layers (continuous wave 2 W, 0.2 mbar).

Sample C(1s) S(2p) O(1s)
Main S(2psr2) | S(2pir) Peak
% Peak / % Peak / | Peak/ % Max. /
eV eV eV eV
1-Propanethiol
Theoretical s ) 25 ) ) 0 )
1-Propanethiol
Plasma 65+1 | 285.0 | 32+2 | 164.0 165.2 | 3+2 | 532.2
Polymer
Allyl
Mercaptan 75 - 25 - - 0 -
Theoretical
Allyl
M
ercapian | e» 41| 2850 |35+3 | 1636 | 1648 | 342 | 5317
Plasma
Polymer

The infrared spectrum of allyl mercaptan precursor displayed a strong allyl

CH2 stretch absorbance (3080 cm™),%¢ which disappeared upon plasma

deposition,

1-propanethiol

monomer

and

Figure 3-4. As expected,

its corresponding plasma polymer.

this feature was absent for both

Both

1-propanethiol and allyl mercaptan precursors showed a weak S-H stretch

(2555 cm™),36:37 which was also observed for plasma deposited allyl mercaptan;

however, it was absent for plasma deposited 1-propanethiol.
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Figure 3-4: FTIR spectra of: (a) liquid 1-propanethiol; (b) continuous wave 2 W plasma,
0.2 mbar deposited 1-propanethiol; (c) liquid allyl mercaptan; and (d) continuous wave
2W, 0.2 mbar plasma deposited allyl mercaptan. Dashed lines indicate allyl CH>
(3080 cm™) and thiol S-H (2555 cm™?) stretches respectively.

EDX measurements were taken for elemental identification of the coatings.
Through this method, the presence of carbon, sulphur and copper could be clearly
identified. Two layers were seen on top of the copper of the circuit board (orange):
a thin carbon layer (magenta, polyisoprene) and a sulphur containing top layer
(green, allyl mercaptan), circled. The lack of sulphur found in the polyisoprene

layer suggests the presence of two separate layers.
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Figure 3-5: EDX images of the cross-section of the stripboard, showing the presence of
carbon, sulphur and copper on: (a) the front edge of the copper track, where the layer
distinction of the polyisoprene base layer and the ally mercaptan plasma polymer can be

seen; and (b) the right edge of the copper track.

Several orders of magnitude improvement in wet electrical barrier
performance has been found following allyl mercaptan plasma polymer deposition
onto a polybutadiene base layer (> 10° Q nm), Figure 3-1. Furthermore, despite
the similar chemical structures of allyl mercaptan and 1-propanethiol precursor
molecules, their corresponding plasma deposited films display markedly different
wet electrical barrier performances. This may be attributed to the allyl mercaptan
carbon-carbon double bond playing a key role, Scheme 3.1. Two complementary
sets of thiol-ene click chemistry crosslinking reactions are envisaged:2%:383 firstly
there is the plasma deposited layer thiol groups reacting with carbon-carbon
alkene bonds present within the underlying polymer base layer (e.g.
polybutadiene); and secondly the allyl mercaptan thiol groups can crosslink and
self-polymerise with adjacent monomer carbon-carbon double bonds during
plasmachemical deposition, Scheme 3-1.2%4% In both cases, the prerequisite thiyl
radicals required for thiol-ene click chemistry are generated in-situ by the electrical
discharge excited species (photons, electrons, etc.) rather than conventional
thermal or photochemical initiation.4*#? Such sulphur crosslinking improves
hardness, strength, and durability of bulk polymers.#3-4> Overall, this gives rise to
an allyl mercaptan plasma deposited sulphur crosslinked top layer which is also
sulphur crosslinked to the polybutadiene base layer, leading to a tightly bonded
interfacial region for optimal wet electrical barrier performance (synergistic effect).

The assertation that the coatings were tightly bonded was supported by finding
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that the coating could not be visibly scratched or removed from the substrate, even
using solvents such as acetone and IPA, or scrubbing with a bottle brush and

scouring pad.

In contrast, thiol-ene click chemistry occurs for 1-propanethiol through its thiol
group crosslinking to the polymer base layer alkene bonds, whilst the molecule
lacks the polymerisable allyl mercaptan carbon-carbon double bond needed to
form a highly crosslinked top layer, hence explaining its relatively poor wet
electrical barrier performance, Figure 3-1 and Scheme 3.1. Another contributing
factor might be the much lower shrinkage stress for allyl sulphide versus propyl

sulphide thiol-ene crosslinking.*6

3.4.2. Polymer Base Layer

The specific role of the polymer base layer was investigated next by measuring
the wet electrical barrier performance of allyl mercaptan plasma layers deposited
onto polybutadiene, polyisoprene, and polystyrene, Figure 3-6. All of these
polymers contain unsaturated carbon-carbon bonds, however only the former two
contain alkene bonds necessary for thiol-ene reactions with plasma generated
reactive sulphur species. Despite the polystyrene base layer exhibiting the highest
wet electrical barrier in the absence of a plasma polymer overlayer, no significant
improvement was observed following allyl mercaptan plasma polymer deposition.
Whereas, in the case of polybutadiene, the electrical barrier showed a marked
enhancement with increasing plasma polymer thickness. Polyisoprene was found
to be the best performing polymer base layer when plasma coated with an allyl
mercaptan top layer, with the wet electrical barrier rising sharply beyond 100 nm
plasma polymer layer thicknesses to reach an absence of current flow above
300 nm. The role of base layer thickness was further investigated for polyisoprene
whilst maintaining a fixed layer thickness of plasma deposited allyl mercaptan,
Figure 3-7. This indicated a significant improvement in wet electrical barrier
beyond 500 nm polyisoprene thickness, to reach high electrical barrier

performance at approximately 900 nm.
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Figure 3-6: Wet electrical barrier after 13 min immersion in water under an applied electric
field of 10 V mm?, for variable thickness plasma deposited allyl mercaptan (continuous
wave 2 W, 0.2 mbar) onto a range of fixed thickness spin coated polymer base layers:
polybutadiene (A thickness 1870 + 40 nm); polyisoprene (B thickness 1680 + 40 nm);
and polystyrene (@ thickness 2040 + 200 nm). Samples above the dashed line reached
the instrument detection limit of 8 x 108 Q. Lines have been included as a guide to the eye.
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Figure 3-7: Wet electrical barrier after 13 min immersion in water under an applied electric
field of 10 V mm?, for fixed thickness allyl mercaptan plasma polymer coatings
(continuous wave 2 W, 0.2 mbar, 613 + 71 nm) deposited onto varying thickness
polyisoprene base layers. Samples above the dashed line reached the instrument
detection limit of 8 x 108 Q.

For the polymer base layers investigated, comparison of the obtained wet
electrical barrier values with standard bulk polymer resistivity values shows that
despite polystyrene possessing a high bulk resistivity value, (> 1 x 106 Q cm),*’
its measured wet electrical barrier value is poor, as was also observed for
polyisoprene and polybutadiene, Figure 3-6. This is most likely due to the relatively
high water vapour transmission rates (the mass of water moving through a
specified coating area, over a predetermined length of time, normalised to the
coating thickness) of polystyrene (1.60-3.37 g mm m-? day?),*® polybutadiene
(177 g mm m? day?'),* and vulcanised (crosslinked) polyisoprene
(2.4 g mm m?day?).° Therefore, it can be assumed that conventional bulk
electrical resistivity values measured in the absence of water cannot be taken as

an indication of how well a polymer coating will perform as a wet electrical barrier.
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Polybutadiene®-°? and polyisoprene®354 have both been reported to undergo
conventional thiol-ene click chemistry. Given that thiol-ene click reactions are
reported to proceed much faster with electron rich double bonds compared to
electron deficient double bonds,?°21:5 one possible explanation for the disparity in
wet electrical barrier performance between allyl mercaptan plasma polymer coated
polybutadiene versus polyisoprene could be that polyisoprene should display a
higher reactivity due to the electron donating methyl substituent adjacent to its
carbon-carbon double bond.%®>” The more gradual slope observed for
polybutadiene compared to polyisoprene with increasing allyl mercaptan plasma
polymer thickness suggests that there is a lower level of interfacial
plasmachemical click thiol-ene crosslinking occurring, and therefore thicker films
are necessary to achieve sufficient physical barrier for high wet electrical
resistance, Figure 3-1 and Figure 3-6. The comparatively poor performance for
polystyrene can be attributed to there being a total absence of alkene groups

required for thiol-ene click chemistry within the polymer repeat unit.58:59

3.4.3. Wet Electrical Barrier Breakdown

The wet electrical barrier performance of the optimised thickness allyl mercaptan
plasma polymer and polyisoprene layers was then investigated in relation to the
magnitude of the applied electric field strength. This showed that the multilayer
barrier was stable and resilient up to an applied electric field of 20 V mm-, beyond
which there was some indication of deterioration, Figure 3-8. Even then, the drop
in performance was not severe, with a final wet electrical barrier of 2 x 10* Q nm-!
being measured at an applied field of 27.5 V mm. Compared to modern
smartphones, with cell voltages ranging from 3.70-3.85 V,%%6% the much higher
voltages (up to 20 V) utilised in the present study during wet electrical barrier

measurements demonstrate an excellent level of performance.
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Figure 3-8: Wet electrical barrier after 13 min immersion in water as a function of applied
electric field, for fixed thickness allyl mercaptan plasma polymer (continuous wave 2 W,
0.2 mbar, 507 + 14 nm) and polyisoprene base layer (1350 + 40 nm). Samples above the

dashed line reached the instrument detection limit.

3.4.4. Scalability

The described low temperature two step fabrication method for achieving high wet
electrical barrier coatings is easily scalable and suitable for high throughput
electronic device assembly lines. In the case of non-planar circuit boards (e.g.
wearable devices) the polyisoprene base layer can be applied by either spray or
dip coating prior to conformal plasma deposition of allyl mercaptan. Future scope
for the utilisation of plasmachemical click thiol-ene chemistry could include mixing
of allyl thiol or multiple thiol group molecules into alkene bond containing monomer
feeds for plasma deposition leading to even greater levels of crosslinking and a
corresponding increase in the durability of the coating. Alkyne functionalised base
layers and alkyne thiols are also potential candidates for plasmachemical thiol-ene

click reactions.®%%3 Other variants include pulsed, downstream, and atmospheric
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plasmas for generation of the prerequisite thiyl radicals. Additional improvements
in wet electrical barrier performance are envisaged by depositing a hydrophobic
layer on top of the aforementioned multilayer structure in order to incorporate
enhanced liquid repellency.®4-%6 Further work arising from this two-fold barrier
coating mechanism would be to increase the number of layers of allyl mercaptan
and polyisoprene. This would create a “sandwich-like” multilayered structure, with
the benefits of the allyl mercaptan/polyisoprene interactions. This would require

continued research to fully evaluate.

3.5.Conclusions

Thiol containing precursors have been found to undergo plasmachemical click
thiol-ene reactions with surface alkene bonds. Structure-behaviour relationships
have shown that plasmachemical deposition of allyl mercaptan onto a
polyisoprene base layer provides a very high level of wet electrical barrier
performance. This stems from the allyl mercaptan thiol group undergoing two-fold
click thiol-ene reactions with both carbon-carbon alkene bonds contained within
adjacent precursor molecules and the underlying polymer base layer, to form an
overall tightly bonded multilayer for wet electrical barrier. In contrast, the
structurally related 1-propanethiol precursor is significantly inferior due to its lack
of any carbon-carbon alkene bonds required for click thiol-ene crosslinking within

the plasma deposited layer.
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Chapter 4 : Bioinspired Superhydrophobic Electrical Barrier
Coating

4.1. Abstract

A highly superhydrophobic coating is formed herein, able to maintain an air layer when
immersed in water due to the exceedingly high contact angle and very low contact
angle hysteresis. This coating is prepared by the plasma fluorination of an unsaturated
polymer layer, in this case polyisoprene treated with CFs4. The extremely
superhydrophobic effect is achieved by a two-fold process; the plasma treatment
simultaneously fluorinates and roughens the polymer surface. When combined with a
thin, plasma deposited base layer this coating can be applied as an effective wet
electrical barrier system for electronics. Pulsing air into a tetramethylsilane plasma
was used to deposit a base layer giving an improved wet electrical barrier coating
performance compared to using other plasma deposited base layers, even at higher
applied voltages. The improvement can be attributed to the lower contact angle of
these layers allowing better wetting of the polymer top layer, as well as roughening of

the surface to give a greater interfacial area between the layers.

4.2.Introduction

Exposure to water can result in the failure of electronic devices,'? so barrier coatings
which protect these devices from water damage can be very useful. Polymer coatings
possessing high electrical insulation and low water permeation have been employed
as barrier coatings.3-'? Halogen-containing polymers such as poly(vinylidene fluoride),
poly(chlorotrifluoroethylene),  poly(vinyl  chloride), poly(vinylidene chloride),
poly(vinylidene fluoride), polychloroprene and poly(tetrafluoroethylene) have also
been used as barrier coatings, due to their high electrical resistivities, with volume

resistivities ranging from 2.0 x 10**-1.0 x 10'° Q cm.13-2¢

Expanding upon this, employing surface superhydrophobicity can provide

protection from water permeation or ingress through the formation of a trapped air
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layer between a liquid repellent roughened surface and the surrounding water.2?-31
Such air layers have been generated in the past using hydrophobic fumed silicon
dioxide,?? polytetrafluoroethylene (PTFE) and high-density polyethylene (HDPE)
films,?426  hydrophobic functionalisation of silica,?>?832-3> methyltriethoxysilane
meshes,*¢ and fluoroalkylsilane and steel coated with electrodeposited zinc and then
a silicone rubber layer.?® Fluoroalkylsilane functionalised roughened TiO2,%’ aerosol
spray deposited silica nanoparticles,®? Fe(CH3(CH2)14COO)zs particles on roughened
steel,?” and silica nanoparticles roughened and chemically modified dispersed in
nanophase particles,® and finally functionalised with 1H,1H,2H,2H-perfuorodecyl
triethoxysilane, have utilised the air layer effect for wet electrical barrier applications,
giving electrical resistivity values up to 106 Q cm and water contact angles ranging
between 150-160°. A specific bioinspired approach for wet electrical barrier coatings
based upon the hierarchically structured surfaces of the Xanthosoma Sagittifolium
plant species has been reported using electroactive epoxy resin or polyimide,3°4°
epoxy acrylate,** or poly(methyl methacrylate)/inorganic composites,*>4* on leaf
replica surfaces, giving trapped pockets of air between the surface and the water.
These coatings gave corrosion resistance values ranging from 9.5 x 103-3.0 x 10° Q
cm? with a contact angle range of approximately 150-160°.3®3 For many of the
aforementioned approaches, preparation of the electrical barrier coatings can have
extended process times, 343 require high temperatures,3’3%40 involve acid and alkali

etching steps to roughen the surface or be limited to specific substrate materials.?”37

Combining this degree of superhydrophobicity with a plasma deposited base
layer would exploit the benefits of both the multilayering and water-repellent barrier
coating types, Section 1.3. The sequential pulsing of a reactive species within a
plasma reaction can be used to build up layers of a coating on a substrate, Scheme
4-1. For example, the deposition of nano-sized silicon patterns for thin film transistors
can be achieved by pulsing silane gas into a carrier gas.**6 The selectivity afforded
by this method is a highly desirable quality in the fabrication of microelectronics and
thin films, but as the process is relatively complex and sensitive, it is not widely used

in industry.46

There are several process advantages of using a standard electrical pulsed
plasma deposition rather than a conventional continuous wave deposition, such as

lower deposition temperatures, a greater degree of control over the plasma
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dissociation, greater control of the fragmentation of the precursor to allow control of
the layer structure, and greater cross-linking capabilities.*” In the case of gas pulsing
into a continually stimulated plasma there is no continuous flow of precursor gas, so a
much smaller volume of precursor is consumed overall, leading to a cheaper
deposition process.*® Due to the selectivity, the highly specified reaction conditions
and the easily manipulated deposition times, the thickness of a coating can be heavily
controlled in these processes to obtain films of specific thicknesses, such as
monolayers, and films less than 1 nm thick.#®*° The methods of depositing layers can
be modified to suit the desired purpose of the film, for example, tailoring the plasma
deposition by adjusting the pressure or temperature of the deposition. When coating
electronics high temperatures cannot be used, so methods which take the temperature

down from 600°C are preferable, making pulsed gas processes desirable.444551

The pulse can be manipulated to have a sufficient delay, such that undesired
reactions between the reactive species of the pulses in the gas flow are minimized.5?
To avoid these undesired reactions entirely without pulsing the gas flow, it would be
necessary to purge the reaction chamber of all reactants before re-introducing the
desired precursor to generate the required reactive species.>? The process of pulsing
the gas flow through a plasma reaction separates the reactions associated with the
excitation, deposition, surface modification or etching which occur during a standard
plasma reaction.*¢5 The residence time, 7, can be found for the pulsed in gas or

precursor molecules within the reaction chamber, Appendix 2.5

Multi-layered films can be used as extremely effective barrier layers, for the
protection of electronics and perishable items,®>%6 and have been reported to achieve
water transmission rates of less than 10° g m day™'.5? Using this method, a wet
electrical barrier coating could be prepared, forming a multi-layered, defect free

coating.
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Scheme 4-1: Schematic representation of the air pulsed into the tetramethylsilane plasma, to

facilitate the build-up of several layers.

Silicon based pulsed gas plasma deposited coatings are commonly used, for
example in liquid crystal displays and transistor fabrication.*’ Pulsed gas plasmas can
also be used to deposit solvent and gas impermeable barrier layers for use in storage
containers, encapsulants and pouches by doping a pulsed silicon dioxide and boron
nitride plasma with metal ions.>” Often complementary gases are used, such as silane
and hydrogen,*>4758 and the type of coating obtained can be tailored by altering the
duty cycle, e.g. microcrystalline silicon can be obtained by lengthening the duty
cycle,® or pulsing the hydrogen into a silane plasma, reversing the cycle.>! Glassy
SiO2 can be deposited on a polymer base layer by pulsing tetraethoxysilane into an
oxygen plasma, or other organosilicon films can be obtained by pulsing
hexamethyldisiloxane into an argon plasma.®%61 Similarly, atomic layer epitaxy can be
performed this way, pulsing the vapour into a carrier gas to give alternately repeating
separate surface reactions, resulting in a “sandwich-like” structure,®? or pulsing a gas
into a monomer plasma.®® Metal oxide thin films can also be prepared using this
method,**62.64 as well as random copolymers, e.g. polyimide/polyamide deposition.®
Tungsten nitride deposition has been used for selective circuit board fabrication, by
diborane pulsed gas injection into the chamber, followed by the injection of tungsten
hexafluoride and ammonia.®® Alternatively, a gas pulse can be used to break up liquid
droplets to form liquid thin films.6768 The duty cycles are often long in these processes
to allow the reactive species to be removed fully before the following pulse. The on
time of the pulse can range from ps-—s, whilst typically the off time is in the s
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A straightforward three-step approach is described herein comprising
plasmachemical deposition of a base layer, such as allyl mercaptan or the gas pulsing
of air into a tetramethylsilane plasma to form a substrate-independent, strong,
adhesive nanocoating. This was followed by the application of a polyisoprene top
layer, and finally plasmachemical combined surface fluorination and roughening to
impart superhydrophobicity, Scheme 4-1. This yields an air layer during water

immersion to result in a high wet electrical barrier performance.

Water

Air Layer —p CF, Plasma /

Polyisoprene

Plasma Polymer —p»

Circuit Board

Scheme 4-2: Bioinspired wet barrier coating.

4.3.Experimental

4.3.1. Polymer Spin Coating

Spin coating was performed as per Section 2.4. For spin coating layers of varying
thicknesses, 5-15% w/v polyisoprene solutions were prepared by dissolving the
appropriate weights of polyisoprene (Mw ~40,000, Sigma-Aldrich Co.) in toluene
(99.99 wt%, Fisher Scientific Ltd.) to make up to 20 mL total volume. The solution was
agitated for two days to ensure the polyisoprene had completely dissolved. Each
substrate was fixed onto a glass plate using double sided adhesive tape (product code

1445293, Henkel Ltd.), which in turn was attached to the chuck of a spincoater (model
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No PRS14E, Cammax Precima Ltd.). The polymer solutions were spin coated at
2000-5000 rpm onto the prepared micro-circuit boards.

For spray coating, a 5% w/v polyisoprene solution was prepared by dissolving 5
g polyisoprene in tetrahydrofuran (>99.5 wt%, Fisher Scientific Ltd.) to make up to 100
mL total volume. The solution was agitated for two days to ensure the polyisoprene
had completely dissolved. The substrate was spray coated using a manual spray gun
(model RG-3L, Anest Iwata, Inc.), at a distance of 10 cm for 35 s.

4.3.2. Plasma Modification

Plasma depositions and modifications were carried out as per Section 2.5. The
precursors used for plasma deposition were allyl mercaptan (2-propene-1-thiol, +80
wt% purity, Tokyo Chemical Industry Ltd.), glycidyl methacrylate (GMA, +97 wt%
purity, Sigma-Aldrich Co.) and tetramethylsilane (TMS, +99.9 wt% purity, Sigma-
Aldrich Co.). The precursors were degassed prior to use by 5 freeze-pump-thaw
cycles. CF4 gas (99.7% purity, Air Products and Chemicals, Inc.) was used for plasma
surface modification. The substrate was placed into the centre of the reactor, followed
by evacuation to system base pressure. Air pulsing into the plasma chamber was
controlled by a gas pulse driver (lota One, General Valve Corporation Ltd.) with the
pulse monitored by an external oscilloscope.

4.3.3. Film Thickness

Film thickness measurements were carried out on coated silicon wafer pieces (1 cm?,
5-20 Q cm resistivity, Silicon Valley Microelectronics Inc.) using a spectrophotometer
(model nkd-6000, Aquila Instruments Ltd.). The obtained transmittance—reflectance
curves (350-1000 nm wavelength range, using a parallel (P) polarised light source at
a 30° incident angle) were fitted to a Cauchy model for dielectric materials,®° using a
modified Levenberg—Marquardt method (version 2.2 software modified upgrade, Pro-
Optix, Aquila Instruments Ltd.).”® The thickness values quoted herein were measured
in this way, and prior to taking these coatings towards scale up and industrialisation
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the thicknesses should be confirmed using other methods, such as microscopy or
SEM.

4.3.4. Optical Emission Spectroscopy

Optical emission spectroscopy (OES) was performed using an Ocean Optics SD1000
spectrometer, with the spectra gathered by 50 um and 100 um core fibre optic cables.
The spectra were obtained over 250-800 nm and were analysed using the Ocean
Optics software. A dark spectrum was taken prior to ignition of the plasma and

subsequent data acquisition.

4.3.5. Contact Angle and Captive Bubble

Microlitre sessile drop contact angle analysis was carried out with a video capture
system (VCA2500XE, AST Products Inc.) using 1.0 pL dispensation of ultra-high purity
water (BS 3978 grade 1), hexadecane (99 wt% purity, Sigma-Aldrich Co.), tetradecane
(+99 wt%, Sigma-Aldrich Co.), dodecane (99 wt% purity, Sigma-Aldrich Co.), decane
(+99 wt% purity, Sigma-Aldrich Co.), octane (+99 wt% purity, Sigma-Aldrich Co.),
heptane (99 wt% purity, Sigma-Aldrich Co.). After a droplet was placed onto the
surface, a snapshot was taken. The resulting static image of the droplet was analysed
(VCA-2500 Dynamic software) to calculate the right- and left-hand side contact angles.
Advancing and receding contact angles were measured by respectively increasing and
decreasing the droplet size until the contact line was observed to move.”t A captive
bubble attachment (VCA captive bubble accessory, AST Products Inc.) was used to
detect the presence of an air layer between the plasma fluorinated surface and

surrounding high purity water.
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4.3.6. X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) analysis of the plasma deposited allyl
mercaptan and 1-propanethiol samples was carried out using a VG ESCALAB I
electron spectrometer equipped with a non-monochromated Mg Ka X-ray source
(1253.6 eV) and a concentric hemispherical analyser. Photoemitted electrons were
collected at a take-off angle of 20° from the substrate normal, with electron detection
in the constant analyser energy mode (CAE, pass energy = 20 eV). The instrument
sensitivity (multiplication) factors used were experimentally determined using a
polysulphone standard (0.005 in film, Westlake Plastics Company Inc.) to be
C(1s):F(1s):0(1s) equals 1.00:0.25:0.35. All binding energies were referenced to the
C(1s) hydrocarbon peak at 285.0 eV.”? A background was subtracted from each core
level spectrum and then fitted using fixed full width half maximum (FWHM) Gaussian

peaks.’>-74

4.3.7. Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopic analysis of the plasma polymers
deposited onto silicon wafer was carried out using a FTIR Spectrometer (Spectrum
One, PerkinElmer Inc.), equipped with a liquid nitrogen cooled MCT detector operating
across the 450-4000 cm™ range. Reflection—absorption infrared spectroscopy
(RAIRS) measurements were performed using a variable angle accessory (Specac
Ltd.) with the mirrors aligned at an angle of 66° to the sample normal. The spectra

were averaged over 285 scans at a resolution of 4 cm-2.

4.3.8. Atomic Force Microscopy

AFM images were acquired to obtain topographical information regarding the polymer
and functionalised polymer surfaces (Digital Instruments Nanoscope Il scanning
probe microscope, Bruker Ltd.). Damage to the tip and sample surface was minimized
by employing Tapping Mode AFM. Root-mean-square (RMS) roughness values were

calculated over 50 um x 50 um scan areas.
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4.3.9. Scanning Electron Microscopy

Samples were mounted onto carbon disks supported by aluminium stubs, then coated
with a thin gold layer (5-10 nm, Polaron SEM Coating Unit, Quorum Technologies,
Ltd.). Surface structure images were acquired on a scanning electron microscope
(model Vega 3LMU, Tescan Orsay Holdings a.s.). operating in secondary electron
detection mode at an accelerating voltage of 8 kV and a beam intensity of 8—12 kV.
The images were then processed using Image-Pro Premier software (Media
Cybernetics, Inc.).

4.4.Results

4.4.1. Wet Electrical Barrier

4.4.1.1. Polyisoprene Thickness

The role of thickness of the polyisoprene layer was investigated by maintaining a fixed
plasma deposited allyl mercaptan base layer thickness, Figure 4-1. This indicated a
significant improvement in electrical barrier beyond approximately 3 um polyisoprene
thickness, to achieve high electrical barrier performance at 4 um. Crosslinking after
plasma fluorination of the polyisoprene films by annealing at 150 °C for 60 min under
vacuum (0.08 bar) in order to enhance hardness® showed no deterioration in

performance of the wet electrical barrier coatings.
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Figure 4-1: Final wet electrical barrier whilst immersed in water for 13 min under an applied
electric field of 10 V mm?, for variable thickness crosslinked ([J) and non-crosslinked (H)
plasma fluorinated (30 W, 0.2 mbar, 5 min) polyisoprene spin coated onto a fixed thickness
plasma polymer allyl mercaptan base layer (2 W, 0.2 mbar, 1 min, 138 + 20 nm). Samples

above the dashed line reached the instrument detection limit of 8 x 108 Q.

4.4.1.2. Plasma Deposited Base Layer Thickness

Plasma fluorinated polyisoprene was measured under an applied electric field with and
without a plasma deposited base layer, Figure 4-2. The wet electrical barrier
performance of plasma fluorinated polyisoprene increased significantly with the
application of a thin layer of allyl mercaptan plasma deposited onto the micro-circuit
board prior to polyisoprene spin coating, with no current flow observed beyond a
plasma polymer thickness of 90 nm. An increase in wet electrical barrier performance
was also observed with the plasma deposition of a glycidyl methacrylate layer,

although current flow was observed until a thickness of 185 nm.
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Figure 4-2: Final wet electrical barrier whilst immersed in water for 13 min under an applied
electric field of 10 V mm?, for plasma fluorinated (30 W, 0.2 mbar, 5 min) polyisoprene
(thickness 7930 + 150 nm) spin coated onto variable thickness allyl mercaptan (M, 2 W,
0.2 mbar) and glycidyl methacrylate (O, 5 W, 0.2 mbar) plasma polymer base layers. Samples
above the dashed line reached the instrument detection limit of 8 x 108 Q. Lines have been
included as a guide to the eye.

4.4.1.3. Tetramethysilane/Air Gas Pulsing Base Layer Deposition

The possibility of using air pulsed into a tetramethylsilane plasma to form a plasma
deposited base layer comprised of several thin layers was investigated. Thickness
measurements were taken for various duty cycles of the gas pulsing valve, Figure 4-3.
The gas pulse times used were 100 us on/10 ms off, 100 ps on/20 ms off, 50 ps on/500
ms off, and 50 us on/5 s off. There was a clear relationship between the length of time
the valve was open to air and the resultant thickness of the plasma deposited layer.
The less time the valve was open, i.e. less air was allowed into the plasma chamber,
the higher the thickness was of the deposited layer. This suggests that the air allowed

into the chamber caused a decrease in the deposition rate of the tetramethylsilane, as
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was expected. It should also be considered that there could be etching processes
occurring as the air was introduced into the chamber. This was supported by the

formation of a powdery deposit throughout the chamber.
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Figure 4-3: Relationship between the thickness of the tetramethylsilane/air layer and the duty
cycle of the gas pulsing valve, with the gas pulse times of 100 ps on/10 ms off, 100 us on/20
ms off, 50 us on/500 ms off, and 50 us on/5 s off, at 10 W and 0.2 mbar.

Electrical measurements were taken of the plasma deposited layers across the
range of duty cycles, Figure 4-4. Very little information could be gleaned from these
results: the low thickness obtained resulted in the coating failing almost immediately
upon application of the voltage during immersion. Corrosion occurred across the
board, resulting in the formation of oxygen bubbles on the electrode, which caused the
current to drop, then increase as the bubbles were released, causing fluctuations
throughout the measurement. This gave extremely mixed results, and a significant

variation between the samples in each run.
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Figure 4-4: Wet electrical barrier response in relation to the duty cycle of the gas pulsing
valve, measured at 8 V for 13 min and the gas pulse times of 100 ps on/10 ms off,
100 ps on/20 ms off, 50 pus on/500 ms off, and 50 pus on/5 s off at 10 W and 0.2 mbar.

Initially, the tetramethylsilane plasma was ignited, then after 30 s had elapsed
the pulse valve was switched on with an open time of 100 pys and a close time of 5 s.
OES was used to identify and track the pulse of air within the tetramethylsilane plasma,

looking for any changes in the chemical composition of the plasma, Figure 4-5.
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Figure 4-5: OES spectra of TMS plasma (20 W, 0.2 mbar, black line), TMS/air plasma with
the valve triggered (20 W, 0.2 mbar, 100 ps on, 5 s off, red line), TMS/air plasma with the
valve triggered after 2 min (20 W, 0.2 mbar, 100 us on, 5 s off, orange line), TMS/air plasma
with the valve triggered after 4 min (20 W, 0.2 mbar, 100 ps on, 5 s off, yellow line), and a
TMS/air plasma with the valve triggered after 6 min (20 W, 0.2 mbar, 100 ps on, 5 s off, green

line).

There was no change to the spectra over the duration of the plasma with the
valve opened for 100 us and closed for 5 s. The length of time the valve was open for
was doubled to 200 ps and subsequent spectra were taken, before the valve was
closed and a further spectrum was taken of the resulting plasma, Figure 4-6. Nitrogen
peaks began to emerge on opening the valve for 200 ps, coming to an equilibrium in
approximately 2 min. On switching off the pulse valve driver and closing the valve,

these peaks disappeared within 30 s.
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Figure 4-6: OES spectra of TMS plasma (20 W, 0.2 mbar, black line), TMS/air plasma with
the valve triggered (20 W, 0.2 mbar, 100 us on, 5 s off, red line), TMS/air plasma with the
valve triggered after 2 min (20 W, 0.2 mbar, 100 us on, 5 s off, orange line), TMS/air plasma
with the valve triggered after 4 min (20 W, 0.2 mbar, 100 us on, 5 s off, yellow line), TMS/air
plasma with the valve triggered after 6 min (20 W, 0.2 mbar, 100 us on, 5 s off, green line),
TMS/air plasma with the valve triggered after 8 min (20 W, 0.2 mbar, 200 us on, 5 s off, light
blue line), TMS/air plasma with the valve triggered after 10 min (20 W, 0.2 mbar, 200 yus on, 5
s off, dark blue line), and a TMS/air plasma with the valve closed after <11 min (20 W, 0.2

mbar, purple line).

When compared to an air plasma at the same power the nitrogen peaks were
comparitively weak, Figure 4-7, showing that there was significantly less air in the

plasma during this process.

Bioinspired Superhydrophobic Polyisoprene 118



) — TMS (valve closed)
= TMS/Air (100 us, 0 min)
TMS/Air (100 ps, 2 min)
TMS/Air (100 us, 4 min)
TMS/Air (100 us, 6 min)
TMS/Air (200 us, 8 min)
— TMS/Air (200 us, 10 min)
—— TMS (valve closed)
~— Air (comparison)

Intensity / counts

T

L) )
500 600 700 800
Wavelength / nm

T
400

Figure 4-7: OES spectra of TMS plasma (20 W, 0.2 mbar, black line), TMS/air plasma with
the valve triggered (20 W, 0.2 mbar, 100 us on, 5 s off, red line), TMS/air plasma with the
valve triggered after 2 min (20 W, 0.2 mbar, 100 us on, 5 s off, orange line), TMS/air plasma
with the valve triggered after 4 min (20 W, 0.2 mbar, 100 us on, 5 s off, yellow line), TMS/air
plasma with the valve triggered after 6 min (20 W, 0.2 mbar, 100 us on, 5 s off, green line),
TMS/air plasma with the valve triggered after 8 min (20 W, 0.2 mbar, 200 ps on, 5 s off, light
blue line), TMS/air plasma with the valve triggered after 10 min (20 W, 0.2 mbar, 200 us on, 5
s off, dark blue line), TMS/air plasma with the valve closed after <11 min (20 W, 0.2 mbar,
purple line) and a solely air plasma for comparison (20 W, 0.2 mbar, grey line). Dashed lines
indicated nitrogen peaks.

The pulse of air into the tetramethylsilane plasma could be clearly observed with
the naked eye, as the colour change of the plasma was obvious when the nitrogen
and oxygen were introduced. It was also clear that the nitrogen and oxygen had been
somewhat removed from the plasma before the next pulse was introduced, Figure 4-8
(video included in data CD). It is likely that there would still be some air remaining in
the chamber after the valve had closed, resulting in the coating containing some
nitrogen and oxygen species, the concentration of which would affect the barrier
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performance. The only way to fully avoid this would be to pump the chamber down to

base pressure between each deposition.
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Figure 4-8: Snapshots of the air pulsing into the tetramethylsilane plasma (10 W, 0.2 mbar):
(a) tetramethylsilane plasma, 1.95 s; (b) tetramethylsilane plasma with the first air pulse,
1.98 s; (c) tetramethylsilane plasma, 2.98 s; (d) tetramethylsilane plasma, 4.98 s; (e)
tetramethylsilane plasma, 6.45 s; and (f) tetramethylsilane plasma with the first air pulse,
6.49 s.
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ATR IR spectroscopy was taken of the powder which was found on the inside of
the reactor after the plasma deposition, Figure 4-9. Peaks corresponding to C—H2 and
C—Hz stretches were seen at 2960 cm™ and 2890 cm™ respectively.” Si—H stretches
were seen at 2165 cm, as well as a strong Si—CHs bending peak at 1252 cm?, a Si—
CH2 wagging peak at 1030 cm?, and Si—Oz2 stretches at 760 cm™.7>~7 This supported
the formation of an amorphous SiC:H based film.
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Figure 4-9: Infrared spectrum of the powder deposited by the TMS plasma (10 W, 0.2 mbar)

with air continuously pulsed in at a valve open time of 200 us and a close time of 5 s.

Although this coating system proved to be a poor wet electrical barrier on its own,
air pulsed into a tetramethylsilane plasma can be used as a base layer for further
coating and functionalisation, in a multilayer composite coating. At a comparable total
coating thickness to plasma fluorinated polyisoprene with an allyl mercaptan base
layer, plasma fluorinated polyisoprene on an air/tetramethylsilane plasma deposited
base layer had a much-improved wet electrical barrier performance, exceeding the
current detection limit, Figure 4-10. To obtain this result with an allyl mercaptan base
layer the coating must exceed a total thickness of 4 um, suggesting that a base layer

deposited by a tetramethylsilane/air plasma improved the wet electrical barrier
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performance. Comparing the tetramethylsilane/air—plasma fluorinated polyisoprene
composite with a similar polyisoprene thickness to an allyl mercaptan—plasma
fluorinated polyisoprene composite, the wet electrical barrier performance was
significantly better, suggesting that the barrier improvement can be attributed to the

base layer and not the plasma fluorinated polyisoprene.
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Figure 4-10: Final wet electrical barrier whilst immersed in water for 13 min under an applied
electric field of 10 V mm™ of: plasma fluorinated polyisoprene with a tetramethylsilane/air
plasma deposited base layer (O, 10 W, 0.2 mbar, 50 ps on, 5 s off, 30 min); plasma fluorinated
polyisoprene with an allyl mercaptan plasma polymer base layer (@, 2 W, 0.2 mbar, 10 min);
crosslinked plasma fluorinated polyisoprene with an allyl mercaptan plasma polymer base
layer (>k, 2 W, 0.2 mbar, 10 min); tetramethylsilane/air plasma deposited layer (1, 3 W,
0.2 mbar, 10-30 min, 50 us on, 5 s off); tetramethylsilane plasma deposited layer (¢, 3 W,
0.2 mbar, 60 min); and an allyl mercaptan plasma polymer layer (Hl, 2 W, 0.2 mbar, 10 min).

All plasma fluorinations were performed at 30 W, 0.2 mbar, for 5 min.

The improvement in the wet electrical barrier performance dependent solely on
the chemistry of the base layer could be caused by the pulsed air roughening the
surface of the tetramethylsilane layer, allowing for a greater surface area of contact
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between the two layers, and thus more interaction between the two layers.
Alternatively, the improved barrier performance could be due to the silane—ene click
reactions utilising residual silane radicals on the surface to form strong interfacial links.
Silane—ene reactions have been reported to form coatings with lower shrinkage stress
and greater impact resistance than the corresponding thiol-ene coatings.”® The lower
contact angle of the tetramethylsilane/air layer would also allow better wetting of the
spin coated polyisoprene onto the base layer, which would result in a more uniform
coating, less likely to have defects. The contact angles of the base layers were
compared, Table 4-1, and a significant drop in static water contact angle was found
for a coating deposited by tetramethylsilane plasma with pulsed air, compared to a
straightforward plasma deposited tetramethylsilane layer and allyl mercaptan. This is

most likely due to the inclusion of oxygen in the plasma deposited layer.

Table 4-1. Sessile water drop contact angle measurements of the plasma deposited
tetramethylsilane (5 W, 0.2 mbar), tetramethylsilane with pulsed air (10 W, 0.2 mbar, 200 us

open, 5 s closed) and allyl mercaptan (2 W, 0.2 mbar).

Coating Deposition Method Water Contact Angle /°
Tetramethylsilane Continuous wave plasma 1041
Tetramethylsilane / air Continuous wave plasma 742
with pulsed air
Allyl mercaptan Continuous wave plasma 83+1

When compared to the current best coating (plasmachemical double click thiol-
ene, Chapter 3), the plasma deposited tetramethylsilane/air coating with a plasma
fluorinated polyisoprene top layer showed an improvement in coating durability. It did
not show any breakdown of the coating beyond the application of an electric field of
30 V mm, whereas the polyisoprene coating with an ally mercaptan base layer, began
to break down under an applied electric field of 20 V. mm, Figure 4-11. This suggests
that there is an increase in wet electrical barrier performance beyond what could be

seen during the standard electrical tests.
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Figure 4-11: Wet electrical barrier after 13 min immersion in water as a function of applied
electric field, for fixed thickness allyl mercaptan plasma polymer (continuous wave 2 W,
0.2 mbar, 507 £ 14 nm) and a polyisoprene base layer (1350 + 40 nm), denoted by @, and
fixed thickness pulsed TMS/air plasma deposited layer (continuous wave 10 W, 0.2 mbar,
918 £+ 1 nm) and a plasma fluorinated polyisoprene top layer (30 W, 5 min, 0.2 mbar,
519 £+ 40 nm), denoted by O. Samples above the dashed line reached the instrument

detection limit.

4.4.2. Contact Angle and Captive Bubble

Sessile drop water contact angle values exceeded 170° for electrical discharge power
level settings of 10-50 W, whilst the hexadecane contact angle reached a peak of
133° £ 2° at a 30 W plasma power, Figure 4-12. The lowest hexadecane contact angle
observed was 113° £ 3°, for a plasma power of 10 W. Plasma fluorinated polyisoprene
with an allyl mercaptan base layer was measured as a control sample, and showed

no difference in contact angle, Figure 4-15.
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Figure 4-12: Contact angle values on CF,; plasma fluorinated polyisoprene surfaces
(thickness 1360 + 20 nm) as a function of plasma power and fixed treatment time of 5 min and

pressure of 0.2 mbar for ultra-high purity water (ll) and hexadecane (@).

Contact angle hysteresis measurements were also taken for ultra-high purity
water and hexadecane on the plasma fluorinated polyisoprene surfaces, Figure 4-13.
There was little change in the water contact angle hysteresis, regardless of plasma
power, but a decrease in hexadecane contact angle hysteresis was seen on increasing
plasma power. This was thought to be due to increased etching of the polyisoprene
surface at higher powers, and a subsequent increase in the surface roughness.” This
is also supported by the lower hexadecane contact angle found for thel0 W process,
Figure 4-12. Texturing and roughening of surfaces typically increases the
hydrophobicity or oleophobicity of an already hydrophobic or oleophobic coating.88?
A plasma fluorinated but not textured polybutadiene surface has been reported to have
a water contact angle of 110°, whereas plasma fluorination combined with roughening
of the polybutadiene can take the water contact angle up to 170°, and hexadecane

contact angles up to 118°.7°8 The fluorinated but not roughened polybutadiene
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surface had a water contact angle hysteresis of 37° which was reduced to 4° upon
roughening.®? This supports the assertation that the reduction in hexadecane contact
angle, Figure 4.12, was due to the decrease in roughness on decreasing the plasma
power, and concurrently the reduction in hexadecane contact angle hysteresis, Figure

4-13, was due to the increase in roughness on increasing the plasma power.
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Figure 4-13: Contact angle hysteresis values on CF, plasma fluorinated polyisoprene
surfaces (thickness 1360 + 20 nm) as a function of plasma power and fixed treatment time of

5 min and pressure of 0.2 mbar for high purity water (ll) and hexadecane (@®).

Water contact angle measurements were taken for crosslinked plasma
fluorinated polyisoprene in comparison to non-crosslinked plasma fluorinated
polyisoprene, Figure 4-14. It was found that at lower thicknesses there was a drop in
the contact angle after the crosslinking process (150 °C for 60 min), which was not
maintained for the higher thickness samples. For non-crosslinked plasma fluorinated
polyisoprene there was no such loss in hydrophobicity, and the contact angle

remained high regardless of the thickness of the polymer layer.
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Figure 4-14: Sessile water contact angles of non-crosslinked (®) and crosslinked (O) plasma

fluorinated (30 W, 0.2 mbar, 5 min) polyisoprene layers of varying thicknesses.

A range of different oils (carbon chain length 7—16) were tested by contact angle
analysis, Figure 4-15, Table 4-2. The oil with the highest surface tension (the longest
alkyl chain length), hexadecane, had the highest contact angle. The contact angles
moved from oleophobic to oleophilic with the decrease in the surface energy of the oil.
Although there was no change seen based on the water contact angle results, the oll
contact angles showed a marked decrease across the chamber, with the highest
contact angle being found closest to the gas inlet, and the lowest at the furthest point
from the gas inlet. This corresponds to the changes in plasma density throughout the
chamber. The region of highest plasma density occurs directly under the coils, and the
lowest occurs downstream towards the pump. This effect has been previously reported
with the same level of fluorination occurring in both the glow and downstream regions,
but with a significant decrease in roughening in the downstream region compared to
the glow.®? This suggests that the whilst the fluorination and roughening of the
polyisoprene was sufficient to maintain the water contact angle regardless of the
position in the chamber, the decrease in roughness for the samples further away from

the gas inlet resulted in a decrease in the oil contact angles.
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Figure 4-15: Sessile drop (1 yL) contact angle of water (V), hexadecane (B), tetradecane
(O), dodecane (@), decane (O), octane (®) and heptane (<) on a CF, plasma fluorinated
(30 W, 5 min, 0.2 mbar) polyisoprene surface (thickness 1360 + 20 nm). As a control, water
contact angles were also taken on CFs; plasma fluorinated (30 W, 5 min, 0.2 mbar)
polyisoprene surface (thickness 1360 = 20 nm) with a plasma polymer allyl mercaptan base
layer (>, 2 W, 0.2 mbar, 5 min, 198 + 7 nm).
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Table 4-2: Liquid contact angle values on a CF4 plasma fluorinated (30 W, 5 min, 0.2 mbar)

polyisoprene surface (thickness 1360 + 20 nm).

Probe Liquid Liq/uri:NSrl]qu_fla(c;(te Eg?cr:g)jy% Contact Angle / °
Water 72.9 174 1
Hexadecane 27.5 134 +2
Tetradecane 26.6 116 + 4
Dodecane 25.4 69 +3
Decane 23.8 34+1
Octane 21.6 11+1
Propan-2-ol 21.3 381

In order to look at the air contact angle of the plasma fluorinated polyisoprene

surface, captive bubble measurements were taken, Figure 4-16. These showed the

formation of an air layer when the air bubble came into contact with the surface, which

is in agreement with the water contact angle results found previously, Figure 4-12.

(@)

(b)

pa
(€)

Figure 4-16: Photographs taken of captive air bubble in water approaching the surface of CF,4

plasma fluorinated (30 W, 5 min, 0.2 mbar) polyisoprene layer (thickness 1360 + 20 nm): (a)

the air bubble and the plasma fluorinated polyisoprene surface; (b) initial contact of the air

bubble with the plasma fluorinated polyisoprene surface; and (c) the subsequent formation of

a very thin air layer.
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This air layer could be clearly seen when the samples were immersed in water
and tilted, giving the air layer a “mirror-like” effect, Figure 4-17. Such superhydrophobic
layers could be utilised to allow glass to float on water, Figure 4-18 (video included in
data CD).

Figure 4-17: Plasma fluorinated (30 W, 0.2 mbar, 5 min) polyisoprene on glass: (a) immersed

in water; and (b) tilted to show the “mirror-like” effect of the trapped air layer.

(b)

Figure 4-18: Plasma fluorinated (30 W, 0.2 mbar, 5 min) polyisoprene on glass: (a) dipping
the edge below the surface of the water, with the water unable to move over the highly
superhydrophobic surface; and (b) left to float on the surface of the water.
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4.4.3. X-Ray Photoelectron Spectroscopy

High resolution XPS spectra were taken of the plasma fluorinated polyisoprene layer,
Table 4-3 and Figure 4-19, showing the presence of carbon (41.9%), fluorine (54.7%),

and a small amount of oxygen (3.3%). The C(1s) XPS spectrum of the plasma

fluorinated polyisoprene spin coated layer was fitted to six Gaussian Mg Kaai?2

components in conjunction with their corresponding Mg Kas and Mg Kas satellite peaks

shifted towards lower binding energies by ~8.4 and ~10.2 eV respectively. The C(1s)
Mg Kai,2 components were found to be: CxHy at 285.0, -C—CFn at 286.4 eV, —CF- at
287.4 eV, —CF—CFn at 289.2 eV, —CF>— at 291.2 eV, and —CF3 at 293.4 eV.848 The

single F(1s) Mg Kai,2 peak measured at 680.6 eV corresponds to covalently bonded

fluorine atoms.

Table 4-3: XPS compositions for the plasma fluorinated (30 W, 0.2 mbar, 5 min) polyisoprene

spin coated layer. Polyisoprene deposition, plasma fluorination and XPS analysis were
performed by I.S.C.M.

Atomic 0
System Composition / % C(1s) Component / %
-C- —CF-
C F O CxHy CEs —-CF- CEx —CF>— | —CFs3
Thgoretlcal 100 100 i i i i i
Polyisoprene
Plasma
fluorinated
polyisoprene | 41.9 | 54.7 | 3.3 | 234 5.1 6.8 20.8 33.9 9.9
spin coated
layer
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Figure 4-19: High resolution XPS spectra of a CF, plasma (30 W, 0.2 mbar, 5 min) fluorinated
polyisoprene layer. Polyisoprene deposition, plasma fluorination and XPS analysis were

performed by I.S.C.M.
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4.4.4. Infrared Spectroscopy

Little difference was observed in the FTIR spectra of polyisoprene and oven dried
polyisoprene, Figure 4-20, with both spectra showing an allyl C—H stretch (3040 cm™),
indicative of unsaturation. This was not present in the spectrum of plasma fluorinated
polyisoprene, however a strong C—F stretch can be observed at 1243 cm™t, which was
not present in the polyisoprene or oven dried polyisoprene spectra. This demonstrated

that fluorination of the polymer had occurred.26
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Figure 4-20: Infrared spectra of spin coated polyisoprene (thickness 1360 + 20 nm): (a) as
prepared; (b) after drying at 60 °C for 1 h; (c) after drying at 60 °C for 1 h followed by CF4
plasma fluorination (30 W, 0.2 mbar, 5 min); and (d) after drying at 60 °C for 1 h followed by
CF4 plasma fluorination (30 W, 0.2 mbar, 5 min), on a plasma deposited allyl mercaptan base
layer (thickness 198 + 7 nm). Dashed lines indicate allyl C—H (3040 cm™) and C—F (1243 cm™)

stretches respectively.
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4.4.5. Surface Topography

By using AFM to study the topography of the treated and untreated polyisoprene layers
it was established that the surface roughness increased significantly between
untreated (rms = 34 + 11 nm) and plasma fluorinated (rms = 847 = 24 nm)
polyisoprene, Figure 4-21. When examining the coatings by SEM it was clear that the
plasma fluorination had caused significant roughening of the polyisoprene surface,
Figure 4-22. It is unclear whether the surface is hierarchical or fractal in nature, and
further investigation would be required to fully qualify the surface structure. This
surface roughening gives rise to the high water contact angle and the low contact

angle hysteresis, making it an extremely water repellent coating, Figure 4-12.

(@) Untreated Polyisoprene
100 um

Oum

Rrus = 34 £ 11 nm Rrms =20 £4 nm

(b) Plasma Fluorinated Polyisoprene
100 um w 5um

2.9 um

RRMS =847 + 24 nm RRMS =414 + 43 nm

Figure 4-21: Atomic force microscopy height images of (a) polyisoprene and (b) CF4 plasma

fluorinated polyisoprene surface (30 W, 5 min, 0.2 mbar) at 20 um and 1 um length scales.
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Untreated Polyisoprene Plasma Fluorinated Polyisoprene

Figure 4-22: SEM micrographs of untreated polyisoprene and plasma fluorinated
polyisoprene (30 W, 5 min, 0.2 mbar) at 100 pm, 20 um and 5 um length scales.

4 5.Discussion

The wet electrical barrier performance of plasma fluorinated polyisoprene was found
to be better for plasma deposited tetramethylsilane/air base layers compared to allyl

Bioinspired Superhydrophobic Polyisoprene 135



mercaptan or glycidyl methacrylate base layers, Figure 4-2 and Figure 4-10.
Differences in the surface wetting and penetration of the nanocoating base layers
during the spin coating of the polyisoprene layer may play a role in how well the
subsequent coating system functioned, Table 4-1. The difference in barrier
performance between the allyl mercaptan and glycidyl methacrylate layers can be
attributed to interactions between the trapped radicals of the thiol groups in the base
layer and the double bonds of the polyisoprene layer, creating a strong linkage
between the two layers.8” For the allyl mercaptan base layer at least 4 um thickness
of polyisoprene was necessary in order to achieve a high wet electrical barrier
performance, Figure 4-1.

Pulsing air into the tetramethylsilane plasma formed a plasma deposited coating
which contained a significant amount of Si-O bonds, Figure 4-9. The full potential of
these coatings should be exploited by optimisation of the gas pulsing conditions, such
as varying the thickness of the tetramethylsilane prior to passivation with air,
increasing the number of tetramethylsilane/air composite layers, and deposition of this
coating onto a previously deposited base layer. A greater understanding of these
coatings would be beneficial, and future work should include further investigation into
the deposition and gas pulsing parameters and the subsequent coatings formed. Other
methods of validating the different deposition parameters would be to look at the
adhesion of the coating to the substrate, its abrasion resistance, and its thermal
stability. Further information about the layer system could be attained by examining
the coating by XPS, AFM and SEM to look at the chemical composition and surface
morphology. Each layer in the composite coating should be examined in this way,
which would give rise to a greater understanding of the mechanisms of the barrier
coating. Alternatively, further investigation could reveal a lack of distinct layers, instead
showing one continuous layer, with varying oxygen/nitrogen concentrations
throughout, i.e. regions of higher oxygen/nitrogen concentration (when the air was
pulsed into the chamber) separated by areas of lower oxygen/nitrogen concentration

(when the pulse valve was closed).

Very high water contact angle values (>170°) in combination with very low
contact angle hysteresis of the plasma fluorinated polyisoprene compared favourably
against previous plasma fluorinated polymer surfaces, Figure 4-12.8188-96 This

circumvents the need for a separate step incorporating surface texturing prior to
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plasma treatment.®? The plasma treatment of the polyisoprene surface gave rise to
significant surface roughening, Figure 4-21 and Figure 4-22. This was caused by the
etching processes during the plasma fluorination of the polyisoprene surface. Plasma
surface etching involves the interaction of radicals, atoms and ions with the polymer
surface.®’ First, the reactive species are formed in the plasma, and these are then
adsorbed on the polymer surface. The surface reactions then occur, and the etch
byproducts are generated. These then desorb, and the process continues with more
of the reactive species from the plasma.®® For example, the CFx (1 < x < 3) radicals
produced in the CF4 plasma can react with the surface of the polymer, removing
hydrogen. The volatile species produced in these reactions are then removed from the
chamber. CF4 plasma etching slows over the duration of the reaction, as the C-H

bonds are replaced with stronger C-F bonds.%®

Multiple surface length scales are beneficial to achieving superhydrophobicity
by roughening and structuring of the surface.®®'°! Previous work has shown
comparable superhydrophobicity using surface structuring followed by plasma
fluorination®* or extended processes!®? to give micro- (up to 30 um) and nano-
roughness. Similar length scales of structuring have been seen in the natural
world, 193198 and in biomimetic surfaces.%:192.109-114 The oleophobicity of the surface,
Table 4-2, showed a relatively high contact angle for hexadecane compared to other
oleophobic surfaces.82114-117 The oleophobic nature of the coating is maintained with
tetradecane, but is lost for oils of lower chain lengths. Other ways to vary properties
such as surface wetting and hardness would be to incorporate filler materials such as
nanoparticles, clays and graphene, etc.

4.6.Conclusions

A highly superhydrophobic coating was prepared by the plasma deposition of a base
layer, followed by the subsequent coating with an unsaturated polymer. This polymer
top layer was then plasma fluorinated, leading to a roughened surface structure able
to achieve contact angles up to >170° with a negligible contact angle hysteresis. This
coating system was applicable as a wet electrical barrier coating, able to protect a

circuit board from corrosion when immersed in tap water under an applied voltage.
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The degree of protection from electrical breakdown could be tailored by changing the
chemistry of the plasma deposited base layer. The coating formed by plasma
deposited tetramethylsilane with sequentially pulsed air proved to be a superior base
layer for the plasma fluorinated polyisoprene layer than other plasma deposited layers.
Additionally, this coating proved to be more effective as a wet electrical barrier coating
than the previous best coating, allyl mercaptan plasma deposited onto polyisoprene,
Chapter 3, as it provided complete electrical protection at an even lower total coating

thickness.

The wet electrical barrier coating described herein should be considered for
scaling up to industrial production. The base layer can be deposited on 3D circuit
boards uniformly and conformally, the polymer layer can be spray or dip coated on the
larger scale, rather than spin coated, so as not to negatively affect throughput. The
final plasma process of dual fluorination and roughening of the polymer surface is both
quick, and conformal; all regions of a circuit board comprising 3D structures would
receive the same degree of functionalisation, and thus the high degree of water

repellency.

Additionally, it can be observed that the degree of oleophobicity can be
determined by adjusting the position of the substrate relative to the power density of
the CFa4 plasma, whilst the hydrophobicity was unchanged. This property could be
manipulated to give tailorable surfaces, achieving a high water contact angle with an
oil contact angle which could be selected as the application required. The reduction in
oleophobicity in relation to oils with shorter chain lengths would allow this coating to
be applied in other areas than corrosion protection, such as in oil-water separation,
and the high water contact angle and very low hysteresis would allow this coating to
be used in fog harvesting applications. For applications such as these, it is the surface
properties which are most critical, rather than barrier coating strength. This means that
the initial step of plasma depositing a base layer would be unnecessary, further

shortening the process duration.

It could also be useful to apply the gas pulsing method to other coatings. For
example, the sequential pulsing of allyl mercaptan into a vinyl, acrylate or methacrylate
containing precursor plasma, Chapter 5. Ideally, if the plasma power was kept low

throughout the reaction, not all of the unsaturated bonds in the precursor would be
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consumed. The pulsing of a monomer like allyl mercaptan into such a plasma would
facilitate the formation of a strong, highly crosslinked layer within the deposited
coating, and taking this up to a multi-layered system would theoretically give a much-

improved barrier coating.
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Chapter 5: Plasmachemical Thiol-Acrylate Electrical Barrier

5.1. Abstract

Using the principles of thiol-ene and thiol-acrylate reactions, coatings were
formed from the dual-feed plasma deposition of an acrylate and an unsaturated
thiol-containing precursor. These coatings proved to be effective wet electrical
barrier coatings when deposited onto an unsaturated polymer base layer. This
coating system showed similar electrical barrier results to the deposition of solely
an unsaturated thiol-containing precursor on an unsaturated polymer base layer
using the standard electrical measurement method. However, the dual-feed thiol—
acrylate plasma deposited coatings showed a much-improved response at higher
applied voltages, suggesting the formation of a strong, crosslinked top layer.

5.2.Introduction

As they are a more specific subset of the traditional thiol-ene reactions which
were referred to previously, see Chapter 1 and Chapter 3, thiol-acrylate
photopolymerisations can be used to form strong, highly-crosslinked polymer
networks.1"10 This utilises the favourable reactions between thiyl radicals (typically
generated by photoinitiation) and the double bonds of the acrylate functional
groups, Scheme 5-1.2% The step growth radical initiation of thiol-acrylate
photopolymerisations can progress in a very similar way to the thiol-ene reaction.
However, acrylates homopolymerise easily via chain-growth polymerisation as
well as being able to abstract hydrogen from neighbouring thiol species. The thiyl
radical, generated by photoinitiation, propagates the reaction through the acrylate
monomer carbon-carbon double bond. With the radical then residing on the chain,
chain transfer reactions can occur, abstracting the hydrogen from a nearby thiol,
leaving an intact polymer chain and a newly regenerated thiyl radical. Alternatively,
the radical situated on the chain can react with the carbon-carbon double bond of
another acrylate monomer, leading to chain branching and the creation of

crosslinks between monomers or polymer chains.?®
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R—SH —% s R—S

R—S + RCOOCHC=CH,—— RCOOCHC—CH,SR
R—SH + RCOOCHC'—CH,SR—— RCOOCH,C—CH,SR + R—S

RCOOCHC—CH,SR+ RCOOCHC=CH, —— RCOOCHC—CH,SR

RCOOCHC—CH,

Scheme 5-1: Thiol-acrylate reaction mechanism.26

These reactions can occur very quickly and require only a low light intensity,
allowing the very rapid formation of a crosslinked network under very mild
conditions.* Following the step growth mechanism, the networks obtained tend
to have a more uniform density and low shrinkage stress compared to polymers
formed from a chain growth mechanism.# The reaction can also be facilitated by
the use of a base or a nucleophile, also known as the thiol-Michael addition.'1?
This can be accelerated by the selection of an activated vinyl group, such as a
vinyl group conjugated to a carbonyl group, to make the required nucleophilic

attack more favourable.*13

The thiol assisted opening of the acrylate double bonds can be applied to
methacrylate and dimethacrylate systems, as they also contain the required
carbon-carbon double bonds.*%® The necessary unsaturation can similarly be

found in carbon-carbon triple bond systems, resulting in thiol-yne reactions.'217:18

Due to the extent of crosslinking, these rapid and efficient reactions have
often been used in the formation of hydrogels,”161%20 and have been used as
oxygen barriers for food packaging.?! As such, a strongly crosslinked, dense thiol—
acrylate polymerised layer could be highly beneficial as a barrier coating to protect
electronics from water damage.?? In principle, a combination of crosslinking and
multilayering should lead to further improvement in electrical barrier
performance.?® However, existing fabrication processes involve multiple steps,
taking an extended length of time, as well as requiring elevated temperatures. The
rapidity and mild conditions required for thiol-acrylate crosslinking reactions gives
an advantage over previously existing methods of electrical barrier fabrication. In
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this chapter, the attributes of combining interfacial crosslinking with multilayering
is accomplished through the utilisation of plasmachemical thiol-acrylate reactions

leading to high wet electrical barrier performance.

5.3. Experimental

5.3.1. Polymer Spin Coating

Polymer spin coating was performed as per Section 2.4. A 5% wi/v polybutadiene
solution was prepared by dissolving 2.5 g polybutadiene (PBD, Mw ~200,000,
Sigma-Aldrich Co.) in toluene (99.99 wt%, Fisher Scientific Ltd.) in a 50 mL
volumetric flask. The solution was agitated for 3 days (sample shaker Vibrax-VXR
Model No. VX 2, IKA-Werke GmbH) to ensure the polybutadiene had completely
dissolved. The polybutadiene solution was spin coated at 3000 rpm onto the

prepared micro-circuit boards.

A 10% w/v polyisoprene solution was prepared by dissolving 2 ¢
polyisoprene (PIP, Mw ~40,000, Sigma-Aldrich Co.) in toluene to make up to 20
mL total volume. The solution was agitated for 2 days to ensure the polyisoprene
had completely dissolved. The polyisoprene solution was spin coated at 3000 rpm
onto the prepared micro-circuit boards.

A 10% wl/v polystyrene solution was prepared by dissolving 1 g polystyrene
(PS, Mw ~280,000, Sigma-Aldrich Co.) in toluene in a 10 mL volumetric flask. The
solution was agitated for 2 days on the sample shaker to ensure the polystyrene
was completely dissolved. 3 drops (~240 pL) of the polystyrene solution were spin
coated onto the prepared micro-circuit boards at 2000 rpm.

For spray coating, a 5% w/v polyisoprene solution was prepared by
dissolving 5 g polyisoprene in tetrahydrofuran (>99.5 wt%, Fisher Scientific Ltd.)
to make up to 100 mL total volume. The solution was agitated for two days to
ensure the polyisoprene had completely dissolved. The substrate was spray
coated using a manual spray gun (model RG-3L, Anest Iwata, Inc.), at a distance
of 10 cm for 35 s.
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5.3.2. Plasma Modification

Plasma depositions were carried out as per Section 2.5. The precursors used for
plasma deposition were allyl mercaptan (2-propene-1-thiol, AM, +80 wt% purity,
Tokyo Chemical Industry Ltd.), ethylene glycol dimethacrylate (EGDM, 98 wt%
purity, Sigma-Aldrich Co.), 1-propanethiol (+99 wt% purity, Sigma-Aldrich Co.)
tetramethylsilane (TMS, +99.9 wt% purity, Alfa Aesar Co. Ltd.), glycidyl
methacrylate (GMA, +97 wt% purity, Sigma-Aldrich Co.), 1H,1H,2H,2H-
perfluorooctyl acrylate (PFAC-6, +95 wt% purity, Fluorochem Ltd.), and
tripropylene glycol diacrylate (TGDA, +90 wt% purity Tokyo Chemical Industry
Ltd.). The precursors were degassed prior to use by 5 freeze-pump-thaw cycles.
H2S gas (+99.5% purity, Sigma-Aldrich Co.) was used for plasma surface
modification. The substrate was placed into the centre of the reactor, followed by

evacuation to system base pressure.

5.3.3. Film Thickness

Film thickness measurements were carried out on coated silicon wafer pieces (1
cm?, 5-20 Q cm resistivity, Silicon Valley Microelectronics Inc.) using a
spectrophotometer (model nkd-6000, Aquila Instruments Ltd.). The obtained
transmittance—reflectance curves (350-1000 nm wavelength range, using a
parallel (P) polarised light source at a 30° incident angle) were fitted to a Cauchy
model for dielectric materials,?* using a modified Levenberg—Marquardt method
(version 2.2 software modified upgrade, Pro-Optix, Aquila Instruments Ltd.).?> The
thickness values quoted herein were measured in this way, and prior to taking
these coatings towards scale up and industrialisation the thicknesses should be

confirmed using other methods, such as microscopy or SEM.
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5.3.4. Contact Angle

Microlitre sessile drop contact angle analysis was carried out with a video capture
system (VCA2500XE, AST Products Inc.) using 1.0 yL dispensation of ultra-high
purity water (BS 3978 grade 1), hexadecane (99%, Sigma Aldrich Ltd.),
tetradecane (+99%, Sigma Aldrich Ltd.), dodecane (99%, Sigma Aldrich Ltd.),
decane (+99%, Sigma Aldrich Ltd.), octane (+99%, Sigma Aldrich Ltd.), heptane
(99%, Sigma Aldrich Ltd.). After a droplet was placed onto the surface, a snapshot
was taken. The resulting static image of the droplet was analysed (VCA-2500
Dynamic software) to calculate the right- and left-hand side contact angles.
Advancing and receding contact angles were measured by respectively increasing
and decreasing the droplet size until the contact line was observed to move.?® A
captive bubble attachment (VCA captive bubble accessory, AST Products Inc.)
was used to detect the presence of an air layer between the plasma fluorinated

surface and surrounding high purity water.

5.3.5. Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopic analysis of the plasma polymers
deposited onto silicon wafer was carried out using a FTIR Spectrometer (Spectrum
One, PerkinElmer Inc.), equipped with a liquid nitrogen cooled MCT detector
operating across the 450-4000 cm™ range. Reflection—absorption infrared
spectroscopy (RAIRS) measurements were performed using a variable angle
accessory (Specac Ltd.) with the mirrors aligned at an angle of 66° to the sample

normal. The spectra were averaged over 285 scans at a resolution of 4 cm™.

5.4.Results and Discussion

5.4.1. Dual Feed Plasma Layer Deposition

Water contact angle measurements were taken of single feed plasma deposited

allyl mercaptan and ethylene glycol dimethacrylate layers, as well as the dual
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monomer feed plasma deposited layers to determine whether one plasma polymer
was depositing preferentially, Table 5-1. Although there was a small decrease in
the contact angle of the composite layer compared to the solely allyl mercaptan
layer, no significant difference was seen, so assessment of the coatings via
contact angle was not possible. It also suggested that the allyl mercaptan
deposited preferentially over the ethylene glycol dimethacrylate, leading to a single

component layer, rather than a composite.

Table 5-1: Water contact angles of the plasma deposited (2 W, 0.2 mbar, 10 min) allyl
mercaptan, ethylene glycol dimethacrylate (2 W, 0.1 mbar, 20 min), and composite allyl

mercaptan/ethylene glycol dimethacrylate layers (2 W, 0.15 mbar, 10 min).

_ o Water Contact
Coating Deposition Method
Angle/°
Allyl mercaptan Continuous wave plasma 83x1
Ethylene glycol .
) Continuous wave plasma 61+2
dimethacrylate
Allyl mercaptan and ethylene | Dual feed continuous wave 80+ 1
+
glycol dimethacrylate plasma

However, infrared spectroscopy demonstrated that preferential deposition of
the allyl mercaptan was not the case. The spectra obtained showed the presence
of carbonyl stretches (1732 cm™) in the dual feed plasma deposited allyl
mercaptan and ethylene glycol dimethacrylate layer, as well as the solely ethylene
glycol dimethacrylate plasma deposited layer, but these were not present in the
allyl mercaptan spectrum, Figure 5-1. Likewise, the C-O-C stretches (1170 cm™)
were present in the allyl mercaptan and composite layers. The allyl mercaptan and
the composite layers showed sulphoxide stretches (1050 cmt) and thiocarbonyl
stretches (1236 cm™).2-30 This demonstrates that the dual feed plasma deposition
process allowed the deposition of composite layers, rather than the preferential

deposition of one plasma polymer in preference to the other.
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Figure 5-1: FTIR of: (a) plasma deposited allyl mercaptan (continuous wave 2 W,
0.2 mbar, 10 min); (b) plasma deposited ethylene glycol dimethacrylate (continuous wave
2 W, 0.1 mbar, 20 min); and (c) dual feed plasma deposited allyl mercaptan and ethylene
glycol dimethacrylate (continuous wave 2 W, 0.15 mbar, 10 min). Dashed lines indicate
C=0 (1732 cm™) and thiol S=0 (1050 cm) stretches respectively.

5.4.2. Wet Electrical Barrier

The structure behaviour relationship shown in Chapter 3, Figure 3-1,
demonstrated the validity of the concept of applying a plasmachemical crosslinked
top layer on a polymer base layer. The thinnest plasma deposited layers displaying
high electrical barrier were obtained when using an allyl mercaptan precursor;
whilst in contrast, structurally related 1-propanethiol was found to be poor at a
comparable plasma layer thickness.
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Using the results found from these plasma depositions and electrical barrier
measurements, it was postulated that further crosslinking could be obtained from
the thiol-ene top layer by the addition of an acrylate, to facilitate thiol-acrylate
crosslinking. This was accomplished by introducing the methacrylate containing
precursor, ethylene glycol dimethacrylate, and the allyl mercaptan to the plasma
chamber concurrently, for plasmachemical deposition onto a polyisoprene base
layer, Figure 5-2. The wet electrical barrier results showed that there was little
difference in the water barrier performance of the allyl mercaptan plasma
deposited layer and the allyl mercaptan/ethylene glycol dimethacrylate plasma
deposited composite layer, with both achieving a high barrier performance at
around 800 nm on a sub-micron polyisoprene base layer. The plasma coatings
were also deposited onto a polystyrene base layer. Both polyisoprene and
polystyrene contain unsaturated carbon-carbon bonds, however only the
polyisoprene layers contain the alkene bonds required for thiol-ene reactions with
the plasma generated reactive sulphur species (e.g. thiyl radicals). This is
demonstrated by the very poor wet electrical barrier performance of both the allyl
mercaptan and the allyl mercaptan/ethylene glycol dimethacrylate composite
layers on the polystyrene base layer even at high thicknesses. It is thus shown
that part of what makes the wet electrical barrier so successful on polyisoprene is

the availability of the double bonds for crosslinking with the thiyl radicals.
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Figure 5-2: Wet electrical barrier performance of plasma deposited allyl mercaptan
(continuous wave, 2 W, 0.2 mbar, 10 min) and dual feed plasma deposited ethylene glycol
dimethacrylate/allyl mercaptan (continuous wave, 2 W, 0.15 mbar, 10 min) on
polyisoprene (PIP) and polystyrene (PS) base layers, measured at 8 V for 13 min.
Samples above the dashed line reached the instrument detection limit of 8 x 108 Q. Lines

have been included as a guide to the eye.

It was proposed that the reactions of the thiyl radicals with the carbon-carbon
double bonds of the acrylates could possibly create a crosslinked network which
would be sufficient as a barrier coating on its own, Figure 5-3. Allyl mercaptan and
either ethylene glycol dimethacrylate or tripropylene glycol diacrylate were fed
concurrently into the plasma chamber, in order to deposit composite layers.
Additionally, alternate layers of allyl mercaptan and ethylene glycol dimethacrylate
were deposited. However, these coatings proved to be poor wet electrical barriers
in comparison to an allyl mercaptan layer on polyisoprene, suggesting that the
unsaturated bonds in the polyisoprene were more available for crosslinking than

the acrylate or methacrylate precursors. However, continued research into this
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could benefit from further optimisation of the plasma deposition parameters, to fully
exploit the thiol-acrylate reactions.
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Figure 5-3: Wet electrical barrier performance of dual feed plasma deposited allyl
mercaptan/ethylene glycol dimethacrylate (continuous wave, 2 W, 0.15 mbar, 10 min),
dual feel plasma deposited allyl methacrylate/tripropylene glycol diacrylate (continuous
wave, 2 W, 0.2 mbar, 20 min), alternating layers of allyl mercaptan and ethylene glycol
dimethacrylate (continuous wave, 2 W, 0.2 and 0.1 mbar, 20 min), compared to plasma
deposited allyl mercaptan (continuous wave, 2 W, 0.2 mbar, 10 min) on a polyisoprene

base layer, measured at 8 V for 13 min.

The polyisoprene coating with an allyl mercaptan base layer, Chapter 3,
began to break down under an applied electric field of 20 V mm, Figure 3-8,
however, the dual feed plasma deposited allyl mercaptan and ethylene glycol
dimethacrylate composite on a polyisoprene base layer did not show any
breakdown of the coating beyond the application of an electric field of 30 V mm-?,
Figure 5-4. This demonstrated that there was an increase in wet electrical barrier
performance for the dual feed allyl mercaptan and ethylene glycol dimethacrylate
compared to solely allyl mercaptan, even if it was not immediately apparent when

measured under the standard conditions.
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Figure 5-4: Wet electrical barrier after 13 min immersion in water as a function of applied
electric field, for fixed thickness allyl mercaptan plasma polymer (continuous wave, 2 W,
0.2 mbar, 507 + 14 nm) and a polyisoprene base layer (thickness 1350 + 40 nm), denoted
by @, and fixed thickness dual feed allyl mercaptan/ethylene glycol dimethacrylate
deposited layer (continuous wave, 12 W, 0.2 mbar, 512 + 178 nm) and polyisoprene base
layer (thickness 904 = 15 nm), denoted by O. Samples above the dashed line reached

the instrument detection limit.

5.5.Conclusions and Further Work

The dual deposition of allyl mercaptan and acrylates was used to form a composite
layer, Table 5-1 and Figure 5-1, in order to try to improve the wet electrical barrier
performance over what was found using only allyl mercaptan plasma deposited on
a polyisoprene base layer. However, it was seen that there was no improvement
in the wet electrical barrier performance using the dual deposition of allyl
mercaptan and ethylene glycol dimethacrylate, with the results showing an almost
exactly matching trend of increase in barrier performance along with an increase

in the layer thickness, Figure 5-2. Without the polyisoprene base layer, dual
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deposition of allyl mercaptan and ethylene glycol dimethacrylate or tripropylene
glycol diacrylate showed no promise as wet electrical barrier coatings, Figure 5-3,
and a poor performance was found using alternating layers of allyl mercaptan and
ethylene glycol dimethacrylate. With these results taken into consideration, it
would appear that there was little reason to pursue dual feed depositions of allyl
mercaptan and ethylene glycol dimethacrylate.

However, under further investigation, differences in the coating
performances could be established. Measuring the coatings under an applied
electric field of 31.25 V. mm-? highlighted the improvements found using the dual
feed deposition of allyl mercaptan and ethylene glycol dimethacrylate over the sole
deposition allyl mercaptan, Figure 5-4. With further examination the coatings could
be subjected to harsher testing, such as time to failure analysis, wherein the
coated circuit boards are immersed in water under an applied voltage for the length
of time needed to see coating breakdown. As the composite allyl mercaptan and
ethylene glycol dimethacrylate coatings on polyisoprene showed a similar
improvement in wet electrical barrier performance with increasing thickness
compared to the solely allyl mercaptan on polyisoprene coatings during the
standard immersion measurement, the wet electrical barrier performance of the
coatings could be measured when immersed in salt water or other liquids a phone

may come into contact with, such as coffee or dishwater.

Aside from wet electrical barrier performance there may be other benefits
imparted by the reactions of the allyl mercaptan with the acrylate groups.
Depositing the acrylate groups along with the allyl mercaptan on top of the
polyisoprene base layer, whilst not obviously improving the barrier performance at
during the standard 8 V immersion test, could show other types improvements.
Micro- or nano-indentation could be used to determine the hardness of the
crosslinked network, and the different coatings could be abraded or scratched to
determine the cohesion of the internal structure and the adhesion of the coating to
the circuit board. Using these proposed methods in further investigations of the
coatings it could be possible to determine whether there was any significant
improvement in the inclusion of acrylates in dual plasma depositions. The initial

research conducted here provides a base for further investigations.

Plasmachemical Thiol-Acrylate Deposition 162



5.6.References

1 Rydholm, A. E.; Bowman, C. E.; Anseth, K. S. Degradable Thiol-Acrylate
Photopolymers: Polymerization and Degradation Behaviour of an In Situ
Forming Biomaterial. Biomaterials 2005, 26, 4495-4506.

2 Cramer, N. B.; Bowman, C. N. Kinetics of Thiol-Ene and Thiol-Acrylate
Photopolymerizations with Real-Time Fourier Transform Infrared. J. Polym.
Sci., Part A: Polym. Chem. 2001, 39, 3311-3319.

3 Senyurt, A. F.; Wei, H.; Hoyle, C. E.; Piland, S. G.; Gould, T. E. Ternary Thiol-
Ene/Acrylate Photopolymers: Effect of Acrylate Structure on Mechanical
Properties. Macromolecules 2007, 40, 4901-4909.

4  Chatani, S.; Nair, D. P.; Bowman, C. N. Relative Reactivity and Selectivity of
Vinyl Sulphones and Acrylates Towards the Thiol-Michael Addition Reaction
and Polymerization. Polym. Chem. 2013, 4, 1048-1055.

5 Lowe, A. B. Thiol-Ene “Click” Reactions and Recent Applications in Polymer
and Materials Synthesis. Polym. Chem. 2010, 1, 17-36.

6 Kade, M. J.; Burke, D. J.; Hawker, C. J. The Power of Thiol-Ene Chemistry.
J. Polym. Sci., Part A: Polym. Chem. 2010, 48, 743-750.

7 Shih, H.; Fraser, A. K.; Lin, C.-C. Interfacial Thiol-Ene Photoclick Reactions
for Forming Multilayer Hydrogels. ACS Appl. Mater. Interfaces 2013, 5,
1673-1680.

8 Jacobine, A. F. Thiol-ene photopolymers. In Radiation Curing in Polymer
Science and Technology. J. P. Fouassier, Rabek, J. F. Eds.; Elsevier
Science: Essex; 1993, Vol. 3; p 247-248.

9 Khire, V. S.; Lee, T. Y.; Bowman, C. N. Surface Modification Using Thiol-
Acrylate Conjugate Addition Reactions. Macromolecules 2007, 46, 5669—
5677.

Plasmachemical Thiol-Acrylate Deposition 163



10

11

12

13

14

15

16

17

18

Tehfe, M.-A.; Mondal, S.; Nechab, M.; Dumur, F.; Bertrand, M. P.; Graff, B.;
Gigmes, D.; Fouassier, J.-P.; Lalevée, J. New Thiols for Photoinitiator Free
Thiol-Acrylate Polymerization. Macromol. Chem. Phys. 2013, 214, 1302—
1308.

Chan, J. W.; Hoyle, C. E.; Lowe, A. B. Sequential Phosphine-Catalyzed,
Nucleophilic Thiol-Ene/Radical-Mediated Thiol-Yne Reactions and the Facile
Orthogonal Synthesis of Polyfunctional Materials. J. Am. Chem. Soc. 2009,
131, 5751-5753.

Li, G.-Z.; Randev, R. K.; Soeriyadi, A. H.; Rees, G.; Boyer, C.; Tong, Z.;
Davis, T. P.; Becer, C. R.; Haddleton, D. M. Investigation into Thiol-
(Meth)Acrylate Michael Addition Reactions using Amine and Phosphine
Catalysts. Polym. Chem. 2010, 1, 1196-1204.

Mather, B. D.; Viswanathan, K.; Miller, K. M.; Long, T. E. Michael Addition
Reactions in Macromolecular Design for Emerging Technologies. Prog.
Polym. Sci. 2006, 31, 487-531.

Lecamp, L.; Houllier, F.; Youssef, B.; Bunel, C. Photoinitiated Cross-linking
of a Thiol-Methacrylate System. Polymer 2001, 42, 2727-2736.

Lu, H.; Carioscia, J. A.; Stansbury J. W.; Bowman, C. N. Investigations of
Step-Growth Thiol-Ene Polymerizations for Novel Dental Restoratives. Dent.
Mater. J. 2005, 21, 1129-1136.

Higham, A. K.; Garber, L. A.; Latshaw II, D. C.; Hall, C. K.; Pojman, J. A.;
Khan, S. A. Gelation and Cross-Linking in Multifunctional Thiol and
Multifunctional Acrylate Involving an in Situ Comonomer Catalyst.
Macromolecules 2014, 47, 821-829.

Ye, S.; Cramer, N. B.; Smith, I. R.; Voigt, K. R.; Bowman, C. N. Reaction
Kinetics and Reduced Shrinkage Stress of Thiol-Yne Methacrylate and Thiol-
Yne Acrylate Ternary Systems. Macromolecules 2011, 44, 9084—9090.

Fairbanks, B. D.; Scott, T. F.; Kloxin, C. J.; Anseth, K. S.; Bowan, C. N. Thiol-

Yne Photopolymerizations: Novel Mechanism, Kinetics, and Step-Growth

Plasmachemical Thiol-Acrylate Deposition 164



19

20

21

22

23

24

25

26

27

Formation of Highly Cross-Linked Networks. Macromolecules 2009, 42, 211—
217.

Pritchard, C. D.; O’Shea, T. M.; Siegwart, D. J.; Calo, E.; Anderson, D. G,;
Reynolds, F. M.; Thomas, J. A.; Slotkin, J. R.; Woodard, E. J.; Langer, R. An
Injectable Thiol-Acrylate Poly(Ethylene Glycol) Hydrogel for Sustained
Release of Methylprednisolone Sodium Succinate. Biomaterials 2011, 32,
587-597.

Salinas, C. N.; Anseth, K. S. Mixed Mode Thiol-Acrylate
Photopolymerizations for the Synthesis of PEG-Peptide Hydrogels.
Macromolecules 2008, 41, 6019-6026.

Kwisnek, L.; Nazarenko, S.; Hoyle, C. E. Oxygen Transport Properties of
Thiol-Ene Networks. Macromolecules 2009, 42, 7031-7041.

Hamouda, H. Cathodic Protection. In Handbook of Environmental
Degradation of Materials; Kutz, M., Ed.; William Andrew Inc.: Norwich, 2005;
pp 368-369.

Yamanouchi, S.; Kondo, M.; Inoue, Y. Cross Linked Polyethylene-Insulated
Cable. Patent EP0111393, June 20, 1984.

Diebold, A. C.; Chism, W. W. Characterisation and Metrology of Medium
Dielectric Constant Gate Dielectric Films. In High Dielectric Constant
Materials: VSLI MOSFET Applications; Huff, H. R.; Gilmer, D. C., Eds.
Springer-Verlag, Berlin Heidelberg 2005, p 486.

Lovering, D. NKD-6000 Technical Manual; Aquila Instruments: Cambridge,
U.K., 1999.

Johnson, R. E. Jr.; Dettre, R. H. In Wettability; Berg J. C., Ed.; Marcel Dekker,
Inc.: New York, 1993; Chapter 1, pp 1-75.

Lin-Vien, D.; Colthup, N. B.; Fateley, W. G.; Grasselli, J. G. The Handbook
of Infrared and Raman Characteristic Frequencies of Organic Molecules,
Academic Press, Inc.: San Diego, 1991.

Plasmachemical Thiol-Acrylate Deposition 165



28 Rao, C. N. R.; Venkataraghavan, R.; Kasturi, T. R. Contribution to the
Infrared Spectra of Organosulphur Compounds. Can. J. Chem. 1964, 42, 36—
42.

29 Schofield, W. C. E.; McGettrick, J.; Bradley, T. J.; Badyal, J. P. S.; Przyborski,
S. Rewritable DNA Microarrays. J. Am. Chem. Soc. 2006, 128, 2280-2285.

30 Tarducci, C.; Schofield, W. C. E.; Badyal, J. P. S.; Brewer, S. A.; Willis, C.
Synthesis of Cross-Linked Ethylene Glycol Dimethacrylate and Cyclic
Methacrylic Anhydride Polymer Structures by Pulsed Plasma Deposition.
Macromolecules 2002, 35, 8724-8727.

Plasmachemical Thiol-Acrylate Deposition 166



Chapter 6 : Conclusions

The results presented in this thesis demonstrate various methods for depositing
barrier coatings, suitable for the protection of electronic items from corrosion and
electrical breakdown during immersion in water. These coatings have the potential
to be taken for industrial applications and used for the protection of personal
electronics, such as smartphones and wearable devices, which are often subject
to damage by accidental water contact. Water contact with a circuit board can
cause corrosion and irreversible damage, leaving the device unusable. As more
people worldwide are using smartphones and other small personal electronic
devices, the loss of these devices to accidental water damage is increasing. The
financial and environmental cost of repairing and replacing personal devices is
high, to both the consumer and the seller, and the more that can be done to reduce

these costs, the better.

It was demonstrated that depositing a thin layer of an unsaturated polymer,
such as polybutadiene or polyisoprene, prior to plasma deposition or
functionalisation can be a quick and straight forward way to obtain a highly
effective barrier coating. In the first case, Chapter 3, an unsaturated polymer base
layer was plasma coated with an unsaturated thiol containing compound, allyl
mercaptan. This combination of coatings proved to be an outstanding wet electrical
barrier, due to the nature of the materials and the plasma induced interactions.
The sulphur radicals produced in the allyl mercaptan plasma reacted with the
double bonds in the polymer base layer in a “vulcanisation-like” reaction, whilst the
double bonds from the allyl mercaptan plasma formed a strong crosslinked
network on top of the polyisoprene layer. This resulted in a durable coating which
was strong enough to withstand prolonged immersion in water under an applied
electric field of 10 V. mm-1, far higher than the nominal cell voltage used in most
smartphones today. It should be taken into account that the field strength on the
circuit board of a smartphone may be higher than the field strength that was used
herein as a representative test. As these coatings can withstand even higher
voltages it suggests that they would be sufficient, but this can only be confirmed

by further testing on immersed smartphone circuitry.
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In the second case, Chapter 4, surface functionalisation of the unsaturated
polymer layer resulted in an highly superhydrophobic coating, showing a very high
water contact angle in conjunction with a very low water contact angle hysteresis.
This coating was prepared by plasma fluorination of a polyisoprene layer, where
the plasma activated carbon-fluorine species could react with the unsaturated sites
on the polymer layer during the plasma process, to give a fluorinated surface. The
plasma fluorination of the unsaturated layer resulted in a highly roughened surface.
This coating also showed a significant degree of oleophobicity, and when applied
to a glass substrate allowed it to be floated on water. This short, low power plasma
functionalisation process was able to maintain a layer of air between the surface
and any surrounding water when immersed due to the extreme hydrophobicity.
The deposition of a plasma polymer base layer such as allyl mercaptan or
tetramethylsilane with pulsed air prior to the unsaturated polymer layer allowed the
coating to be used as a wet electrical barrier coating, protecting the substrate from

corrosion when subjected to an applied electric field of 10 V mm-2,

Based on the results found in Chapter 3, it was postulated that the inclusion
of an acrylate or methacrylate containing precursor would aid in the crosslinking
of the top layer of the coating system, Chapter 5. Thiol-acrylate and thiol-ene
reactions proceed in similar ways, so the mechanism proposed for the
plasmachemical double click thiol-ene should be preserved. The plasma
deposition of the allyl mercaptan and ethylene glycol dimethacrylate was
performed simultaneously, with both precursors depositing non-preferentially. In
terms of wet electrical barrier performance, the coatings performed similarly,
increasing in barrier performance with thickness at the same rate. Further research
into these barrier systems could provide some differentiation between the
properties of the coatings. The hardness, adhesion, cohesion and thermal stability
of the coatings should be investigated to determine how these coatings would

perform in a real-world scenario.

These coating systems, when applied to a circuit board, showed a more than
sufficient wet electrical barrier performance, protecting the electrodes from
corrosion by preventing them from coming into contact with water. The standard
13 min tap water immersion used to obtain the wet electrical barrier performance

of the coatings was carried out at 8 V, which exceeded the nominal cell voltage of
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a typical smartphone (~4 V). As stated previously, in order to fully assess the
functionality of these coatings on a smartphone or other electronic item, it would
have to be applied to the circuit board in question and subjected to immersion

testing.

More information about the structure and precise mechanisms of these
coatings should be attained with further research into this area. Layer-by-layer
analysis of the coatings should be taken throughout the deposition processes,
including AFM and SEM to attain information on the surface topography. As the
thickness of these coatings is of critical importance when considering the quality
of the electrical barrier, a secondary method of thickness measurement should be
utilised to confirm the results and ensure they are accurate. Additionally, EIS,
dielectric strength and surface resistivity measurements should be taken of the
electrical barrier coatings described in this thesis to allow direct comparison with
other work in the field. The work carried out herein was not done in this way due
to alignment with the P2i’'s methods of barrier testing. The immersion method used
was analogous, but not identical to the recommended method, and validation of

this method was carried out on externally coated samples.

Further immersion testing of the coatings would be valuable, as it is not only
with tap water that personal electronics come into contact. To evaluate the level of
protection in other circumstances, the coatings could be pushed to their limits;
immersion in salt water or any electrolyte containing solution would put more strain
on the coating than immersion in tap water and accelerate the breakdown of the
coating. This provides scope for further enhancements and improvements to these
coatings. Future work in this area should take this into consideration, and the wet
electrical barrier performance should be evaluated under a variety of conditions:
immersion in the types of liquids which a personal device may come into contact
with on a regular basis, such as tea, coffee, milk, alcoholic drinks, sea water and
soapy water. Wearable devices should also be tested with regards to their
resistance to soap and sweat. Furthermore, other tests should be employed to
evaluate the quality of the barrier coatings. Nano and micro-indentation should be
used to assess the hardness of the coating, and handling, tape peel and abrasion
testing can be used to measure the adhesion of the coating to the substrate. Ideally

a coating would be strong, able to withstand the conditions and potential hazards
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of an assembly line, but have a low enough breakthrough force to allow connection
of the various electronic components through the coating where necessary. It
would also be beneficial to treat electronic items such as smartphones with these
coatings, then after reassembly they should be subjected to repeated IPx7
(immersion in 1 m water for 30 min) and IPx8 (immersion in 2 m water for 30 min)
tests until failure of the device. This would provide a realistic demonstration of the

capabilities of the coatings.

Scalability from the small lab to the industrial scale should always be
considered when designing a wet electrical barrier coating; the high throughput
required in smartphone manufacturing and assembly lines means the applied
coating should have minimal process steps and not require harsh conditions or
reactants. The plasma treatments used in the formation of these barrier coatings
are short, low powered, and use only a small volume of precursor, which is ideal
for scaling the process up to the industrial level. Longer processes requiring higher
powers and greater precursor volumes decrease the number of units which can
be processed per hour in a factory, as well as increasing the treatment costs. The
polymer base layers used herein can be applied on a large scale by spray or dip
coating, allowing for the uniform coating of the 3D structures on circuit boards.
Alternatively, the unsaturated layers could also be plasma deposited, with careful
selection of the parameters to maintain the required double bonds. The
subsequent plasma treatments (whether functionalisation, deposition, or a
combination of the two) of this base layer are conformal in nature, allowing every
surface of the polymer layer to be treated, meaning that every surface of the circuit

board would receive the same level of wet electrical barrier protection.
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Chapter 7: Appendices

7.1.Appendix 1
7.1.1. Validation

7.1.1.1. Circuit Board Validation

The micro-stripboards used to obtain the resistance of the applied barrier coatings
when immersed in liquid were shown to respond to an applied voltage with a
proportional increase in current, Figure 7-1. An increase in current was seen
immediately on applying 0.5 V to the stripboard. The current remained stable until
the voltage was increased to 1 V and increased in a step like pattern until 6 V was
reached. Beyond this point the steps became less defined, as more severe
corrosion was occurring, forming bubbles on the surface of the coating which
would temporarily lower the current response by preventing further corrosion at

that point.
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Figure 7-1: Current change in response to gradual voltage increase across micro-
stripboards, starting at 0 V, increasing to 0.5 V, and subsequently doubling the voltage

every 2 min to reach 8 V after 12 min.

7.1.1.2. Polymer Layer Validation

There was a clear correlation between the average final current measurements of
the samples with the thickness of a polybutadiene base layer. Below 1000 nm
coating thickness, the resistance was very low, but by 1800 nm there was no
currentincrease over 13 min at 8 V, Figure 7-2. This showed that the measurement
system employed gave a current response corresponding to the properties of the

coating in question.
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Figure 7-2: Current measurements of plasma fluorinated crosslinked polybutadiene
layers of varying thicknesses, coated with plasma deposited GMA (5 W, 0.2 mbar, 820—-
2000 nm) measured at 8 V, for 13 min.

7.1.1.3. Optimisation of Spin Coating Procedure
The thickness of spin coated base layers can be determined in part by the

concentration of the polymer solution, with higher concentrations resulting in

thicker layers, Figure 7-3.
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Figure 7-3: Thickness of polybutadiene base layers spin coated from 1.25% w/v, 2.50%

wiv, 3.50% wi/v, and 5.00% w/v polybutadiene in toluene solution.

It was found that equivalent layer thicknesses could not be attained when
using different solution concentrations, Figure 7-4. A 2.5% w/v solution could not
give a layer of similar thickness to a 5.0% w/v solution, despite the number of drops
deposited. Additionally, it was noted that increasing the number of drops deposited
decreased the total layer thickness. This was thought to be because the most
recently deposited drop would “wash” the already deposited polymer off the

surface during the spin coating procedure.
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Figure 7-4: Thickness of the polybutadiene base layer in relation to the concentration of
the solution (2.5% w/v and 5.0% wi/v polybutadiene in toluene) and the number of drops

deposited.

7.2.Appendix 2

7.2.1. Residence Time Calculation

The molar leakage rate, Qm, must be calculated from the plasma chamber

variables, Equation 7-1,

_ [P~ (" agy) IV

(RT)

om

Equation 7-1

where 4tis the time required for the pressure to rise over the pressure range,
4P, with the chamber isolated from the pump with monomer flow, 4t is the time
required for the pressure to rise over the pressure range, 4P, when the chamber

is isolated from the pump without monomer flow, Vis the volume of the chamber,

Appendices 175



R is the gas constant, and 7 is the temperature. The throughput, @, can be

calculated using the obtained molecular flow rate, Equation 7-2,*

Qm= — Equation 7-2

The residence time can be then calculated from Equation 7-3,

PV .
T= 3 Equation 7-3

where Qis the throughput, which is the rate of change with time of the product
of the pressure of a gas and the volume in which it is contained (Pa m3 s?), Pis
the pressure (Pa) and Vis the volume of the chamber (m3).
Example:

The measured parameters were as follows:

Initial Pressure: 0.2 mbar
Final Pressure: 0.4 mbar
Duration: 30s

Volume of Reactor: 470 cm?3

Temperature: 25 °C

Following unit conversions, the following parameters were inputted into the

leakage rate equation, Equation 7-1:

Initial Pressure: 20 Pa
Final Pressure: 40 Pa
Duration: 30s

Volume of Reactor: 4.7 x10* m3

Temperature: 298 K
Change in leak rate pressure: 10 Pa
Leak rate duration: 7200 s

Qm = [(AP/At)‘(APO/AtO)]V
(RT)
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om = [(#0 =20/, 440) — (30 = 10/.500)]0.00047
- (8.3144621)(298)

_ [(0.666667) — (0.001389)]0.00047
m= (8.3144621)(298)

3.127 x 107

om = —a77n

Om = 1.26 x 1077 mol s

The obtained leak rate was used to calculate the throughput, Q, Equation 7-2:

_Q
Qm—ﬁ
Q= Qm XRT

Q=126 x 1077 x2477.71
Q = 312 x10"*Pam3s1

The calculated throughput was then used to calculate the gas residence time, t,
Equation 7-3:

20 x 0.00047
3.12 x 10~*

T =

7= 30s
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7.3.Appendix 3
7.3.1. General Wet Electrical Barrier Improvements

7.3.1.1. Polybutadiene Improvements

An unmodified, solely polybutadiene layer was a poor wet electrical barrier coating,
but some significant improvements could be made, Figure 7-5 and Figure 7-6,
using only simple methods. Crosslinking by heating the coatings to 150 °C
improved the barrier performance slightly, as well as smoothing out the current
response to give fewer fluctuations. This was due to the reorganisation of the
polymer chains above their Ty, reducing the number of defects and pin holes
during the reorganisation. A further improvement could be found by fluorinating
the surface of the polybutadiene with a CFs4 plasma. However, through a
combination of these treatments, first fluorination then crosslinking, the current
was lowered even further, to give a much better wet electrical barrier performance.
The combination of these processes had a more significant effect on the barrier

performance than the two separate processes.

This is thought to be due to the plasma fluorination incorporating the large
fluorine atoms on the surface, blocking the pores in the polymer network as well
as imparting a degree of water repellency to the surface. The crosslinking then
caused any remaining unsaturated bonds in the polymer structure to form a strong
polymer network, as well as allowing rearrangement of the polymer chains,
reducing the size of any remaining pores present in the film. This rearrangement
also allowed complete reorientation of the surface —CFs, —CF2 and —CF groups to
the surface, making it more water repellent. Neither the crosslinking nor the
fluorination of the polybutadiene layer had any bearing on the thickness of the
coating, showing that the wet electrical barrier performance can be improved

without necessarily making the coating thicker.
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Figure 7-5: Current response for polybutadiene, crosslinked polybutadiene, plasma
fluorinated (30 W, 0.2 mbar, 5 min) polybutadiene and crosslinked plasma fluorinated
polybutadiene, with an average thickness of 1880 + 30 nm, measured at 4 V for 13 min.
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Coating Type

Figure 7-6: Log wet electrical barrier response for polybutadiene, crosslinked
polybutadiene, plasma fluorinated (30 W, 0.2 mbar, 5 min) polybutadiene and crosslinked
plasma fluorinated polybutadiene, with an average thickness of 1880 + 30 nm, measured
at 4V for 13 min.

Although the wet electrical barrier measurements for modified polybutadiene
did not reach the resistance necessary for barrier function (4 x108 Q), these results
showed that a significant increase in barrier performance could be attained by

crosslinking and plasma fluorination.
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7.3.1.2. Gas Plasma Treatment of Polymer Layers

It was investigated whether the wet electrical barrier performance of a polymer
layer could be improved simply by exposure to a gas plasma, or exposure to a gas
plasma followed by exposure to monomer vapour, Figure 7-7. It was postulated
that the exposure of the polymer layer to an inert gas plasma, such as argon, could
possibly stimulate crosslinking of the polymer to improve the wet electrical barrier
properties. Based on the results seen for exposing a polymer substrate to an allyl
mercaptan plasma, Chapter 3, it was postulated that exposing the layer to a
hydrogen sulphide plasma could trigger vulcanisation of the unsaturated carbon-
carbon double bonds, to give a better wet electrical barrier performance. However,
the electrical results showed no significant barrier improvement for either

polybutadiene or polyisoprene base layers.
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Figure 7-7: Wet electrical barrier performance of polybutadiene (PBD, 1870 nm + 40 nm)
and polyisoprene (PIP, 1680 nm = 40 nm) layers treated by various means: exposed to
allyl mercaptan vapour (0 W, 0.2 mbar, 20 min), exposed to an argon plasma (40 W, 0.2

mbar, 5 min), exposed to an argon plasma (40 W, 0.2 mbar, 5 min) followed by allyl
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mercaptan vapour (0 W, 0.2 mbar, 20 min), and exposed to a H,S plasma (2 W, 0.2 mbar,
1 and 10 min), measured at 8 V for 13 min.

A slight difference was found between the polybutadiene and polyisoprene
results, Figure 7-8, which can be explained by the conjugation present in the
polyisoprene. The electron donation allows for the unsaturated bonds to be broken
more easily, leading to a greater degree of crosslinking. The diminished effect of
extending the plasma process time of the H2S plasma can be explained by the

etching processes being dominant for this type of plasma surface modification.
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Figure 7-8: Wet electrical barrier performance of polybutadiene (PBD, 1870 nm + 40 nm)
and polyisoprene (PIP, 1680 nm = 40 nm) layers treated by various means: exposed to
allyl mercaptan vapour (0 W, 0.2 mbar, 20 min), exposed to an argon plasma (40 W, 0.2
mbar, 5 min), exposed to an argon plasma (40 W, 0.2 mbar, 5 min) followed by allyl
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mercaptan vapour (0 W, 0.2 mbar, 20 min), and exposed to a H,S plasma (2 W, 0.2 mbar,
1 and 10 min), measured at 8 V for 13 min.

Water contact angles of polybutadiene, polyisoprene and PTFE layers
treated by an argon plasma, followed by exposure allyl mercaptan and the
structurally similar 1-propanethiol vapour, Table 7-1. Treating the unsaturated
polymers with only an argon plasma lowered the contact angle to make the layers
hydrophilic. Further treatment by exposing the layers to allyl mercaptan or 1-
propanethiol vapour changed the contact angle again: exposure to allyl mercaptan
vapour further decreased the contact angle, whereas exposure to 1-propanethiol
vapour decreased the contact angle for polybutadiene but gave a slight increase
to the polyisoprene. Argon plasma treatment of PTFE followed by exposure to allyl
mercaptan and 1-propanethiol gave a minor decrease in the contact angle, but it
was not nearly as significant as with the unsaturated polymer layers.
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Table 7-1: Contact angles (1 pL ultra-high purity water) of spin coated polybutadiene, spin
coated polyisoprene, plasma deposited 1-propanethiol (2 W, 0.2 mbar), plasma deposited
allyl mercaptan (2 W, 0.2 mbar), argon plasma treated (40 W, 0.2 mbar, 5 min)
polybutadiene, argon plasma treated (40 W, 0.2 mbar, 5 min) polyisoprene, argon plasma
treated (40 W, 0.2 mbar, 5 min) polybutadiene after exposure to allyl mercaptan, and

argon plasma treated (40 W, 0.2 mbar, 5 min) polyisoprene after exposure to allyl

mercaptan.
Polymer Surface Contact
Angle/°
Polybutadiene 105+1
Argon plasma treated polybutadiene 312
Polyisoprene 98+1
Argon plasma treated polyisoprene 352
Plasma deposited allyl mercaptan 83x1
Argon plasma treated polybutadiene/allyl mercaptan vapour 14 +£2
Argon plasma treated polyisoprene/allyl mercaptan vapour 16 £3
Argon plasma treated PTFE/allyl mercaptan vapour 106 £1
Argon plasma treated PTFE/allyl mercaptan vapour, rinsed in 96 + 5
cyclohexane—IPA
Plasma deposited 1-propanethiol 851
Argon plasma treated polybutadiene/1-propanethiol vapour 22+1
Argon plasma treated polyisoprene/1-propanethiol vapour 41+ 1
Argon plasma treated PTFE/1-propanethiol vapour 106 £5
Argon plasma treated PTFE/1-propanethiol vapour, rinsed in 97+ 5
cyclohexane—IPA
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