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ABSTRACT 

Atmospheric pressure plasma liquid deposition- APPLD, combines atmospheric pressure 

plasma with injection of atomised liquid from the delivery nozzle directly into the plasma. 

As such, the liquid within each droplet is protected from the plasma, and is carried intact to 

the surface, where it spreads and polymerises to form a conformal, high-value functional 

coating, which retains the properties of the original precursor molecule. 

The relationship between the chemistry of surfaces modified or deposited usmg this 

technique and the plasma deposition parameters has been investigated using a 

complementary suite of surface analytical techniques: contact angle analysis, X-ray 

photoelectron spectroscopy and atomic force microscopy. 

It has been shown that atmospheric pressure plasma (APP) can lead to the same level of 

oxidation as corona discharge. The APP has been shown to be less damaging to the 

substrate, and leads to a reduction in the formation of low molecular weight oxidised 

materials, despite the use of higher energy densities. 

A new methodology for curve-fitting of the XPS Si 2p and C Is core levels of siloxane 

materials has been developed using siloxane standards. This method has been expanded to 

be used on siloxane coatings thinner than the depth of analysis of XPS. This enabled the 

chemistry of the coatings to be determined without the influence of the substrate. 

The chemistry of siloxane coatings deposited on poly(ethylene terephthalate) film have 

been related to the plasma parameters utilised during deposition. Up to 95% polymeric 



siloxane [(CH3hSiO II2 and (CH3hSi0212] have been retained for deposition of 

poly(dimethylsiloxane) precursor. The use of a poly(hydrogenmethylsiloxane) precursor 

led to a more oxidised coating, with up to 25% siloxane in (CH3)Si0312 environment. The 

trends in deposition rate for PDMS and PHMS were also found to be different. 

Siloxane coatings durable to immersion in boiling water for 30 minutes have been achieved 

by plasma treatment of the substrate prior to deposition, and by plasma treatment of the 

coating following deposition. It is believed that improved grafting and enhanced 

crosslinking, respectively are the mechanisms behind this performance improvement. 
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INTRODUCTION 
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1.1 ATMOSPHERIC PRESSURE PLASMA LIQUID DEPOSITION (APPLD) 

Plasma-enhanced coating processes are recognised as a route to well-adhered, 

conformal coatings. Currently, the majority of research has been carried out using 

vapour precursors, with deposition under vacuum. This thesis presents research where 

deposition onto polymer films occurred at atmospheric pressure in reel-to-reel 

conditions, using liquid siloxane precursors. 

Atmospheric pressure plasma liquid deposition- APPLD, combines atmospheric 

pressure plasma with injection of atomised liquid from the delivery nozzle directly into 

the plasma. As such, the liquid within each droplet is protected from the plasma, and is 

carried intact to the surface, where it spreads and polymerises to form a conformal, 

high-value functional coating, which retains the properties of the original precursor 

molecule. 

In addition, the plasma generated is a uniform discharge, and under typical operating 

conditions contains no filamentary discharges observed in corona discharge. The 

absence of filamentary discharge results in a more uniform treatment effect, and is less 

damaging to the substrate. Other atmospheric pressure plasma systems incorporate air 

into their process, and as such, are limited to oxidative chemistry. 

1.2 SILOXANE PRECURSORS 

The effect of the chemical structure of the liquid siloxane precursor used to prepare the 

coated films was of great interest. Two precursors were investigated: a 

poly(dimethylsiloxane) and a poly(hydrogenmethylsiloxane). It is expected that the 
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reactivity of these precursors will vary due to the presence of the labile Si-H group in 

the second precursor. 

1.3 AIMS OF PROJECT 

This work was primarily undertaken to investigate how the surface chemistry of 

siloxane deposits were affected by deposition parameters such as precursor flowrate and 

plasma power. In addition to this, a comparison of the effect of corona discharge 

treatment and atmospheric pressure glow discharge on the surface of polypropylene film 

was also made. 

A complementary suite of surface analysis techniques: X-ray photoelectron 

spectroscopy (XPS), atomic force microscopy (AFM) and water contact angle 

measurements were utilised to provide information about changes in the surface 

chemistry and morphology occurring as a result of treatment. 

1.4 OUTLINE OF THESIS 

The thesis is presented in nine chapters, a brief overview of which follows. 

Chapter 2 is a review of the literature relevant to this research. An overview of silicon 

chemistry is presented. In addition, the basic principles behind plasma processing, 

particularly comparing corona discharge to atmospheric pressure plasma treatment are 

discussed. A detailed review of the literature relating to atmospheric pressure plasma 

treatment of polyolefins is presented in Chapter 4. The effect of plasma treatment of 

siloxane is also considered. Finally, the siloxane materials which have been deposited 

using both low pressure and atmospheric pressure plasma are presented. 
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In Chapter 3, the methods and materials used to prepare samples and to analyse the 

surface chemistry and morphology are described. The basic principles behind the 

surface analysis techniques utilised are provided. In-depth descriptions of the corona 

discharge treater, and the atmospheric pressure glow discharge and liquid deposition 

apparatus in particular, are presented. 

Chapter 4 discusses in detail the surface physico-chemical properties of a 

polypropylene substrate modified using corona discharge treatment or atmospheric 

pressure glow discharge. Contact angle measurements, X-ray photoelectron 

spectroscopy and atomic force microscopy were used to monitor changes in the surface 

energy, surface chemistry, and morphology, respectively. 

Chapter 5 describes the development of a methodology for XPS curve-fitting of the Si 

2p core level of siloxane materials. Obtaining reliable binding energies for the various 

chemical states of silicon allows greater confidence in identifying the chemistry of 

siloxane deposits discussed in Chapter 6. The effect of the plasma parameters (e.g. 

power and precursor flowrate) on the chemistry of the deposits are discussed in detail 

here. The effect of changing the polymer precursor structure from 

poly( dimethylsiloxane) to poly(hydrogenmethylsiloxane) will also be examined in this 

chapter. 

In Chapter 7, means of optimising the coating performance, such as plasma treatment of 

the substrate to enhance grafting, or plasma treatment of the coating are discussed. The 

relationship between treatment conditions and coating hydrothermal durability is 

investigated. 
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A discussion of the result obtained, and comparisons to previous work in the literature is 

presented in Chapter 8, followed by final conclusions drawn from the work in 

Chapter 9. 
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CHAPTER 2 

LITERATURE REVIEW 
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2.1 SILOXANES: STRUCTURES AND PROPERTIES 

Silicone is the generic name of a unique class of polymers comprising an inorganic 

backbone made of alternating silicon and oxygen atoms. The Si-O bond, known as a 

siloxane bond, confers to the polymer the name polysiloxane. The most commonly 

known silicone is based on poly(dimethysiloxane), or PDMS, However, there a variety 

of polysiloxane structures that can be synthesised, from simple linear, to complex three-

dimensional structures, of general formula: 

Where R = H, alkyl group or oxygen 

These structural variations lead to the appearance of polysiloxanes in various forms, 

ranging from non-viscous fluids to rubbers to tough resinous materials. 

The flexibility of their form results in their use in numerous products \,2 which combine 

organic and inorganic character and possess unique physical, chemical and mechanical 

properties that are unmatched by any other polymeric materials. Their success in a 

multitude of technologies is due to a range of properties that include low surface energy, 

hydrophobicity, chemical resistance, electrical insulation, resistance to weathering, 

stability to extremes of temperature, resistance to thermal shocks, high elasticity, good 

tear strengths, capability to seal or bond materials of various natures, biocompatibility, 

etc. 

As the chemical names for polymeric siloxane materials can be quite unwieldy, a 

simplified notation has traditionally been used in industry. The letters 
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represent siloxy units by indicating the number of oxygen atoms attached to the silicon. 

M o T Q 

Scheme I: Representations of the various siloxy units encountered in polysiloxanes 

When an organofunctional group replaces a methyl group on a siloxy unit, a superscript 

is used to describe the unit. The most common groups that are encountered can be 

symbolised as: alkyl (R), hydrogen (H), phenyl (Ph), hydroxyl, (OH), trifluoropropyl 

(F) and vinyl (Vi). Thus, the precursors under investigation in this thesis: 

trimethylsiloxy-endblocked-polydimethylsiloxane (TMS-eb-PDMS) and 

trimethylsiloxy-endblocked-polyhydrogenmethylsiloxane (TMS-eb-PHMS) can be 

represented simply by MDnM and MDHnM, respectively. 
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2.2 ATMOSPHERIC PRESSURE PLASMA TECHNOLOGIES 

2.2.1 Definition of plasma 

Plasma, often described as the fourth state of matter, is an ionised gas. Although this 

use of the term plasma may be unfamiliar to many, most matter in the known universe 

occurs in this form. The sun and other stars, the space between galaxies, Aurora 

Borealis and Australis, lightning, fluorescent light tubes, and neon lighting are all 

examples of plasma. 

Plasmas may be divided into two categories: equilibrium, or 'hot' plasmas, and non

equilibrium, or 'cold' plasmas. The sun and stars are examples of equilibrium plasmas, 

and are so called because the ions and electrons that constitute it are at the same 

temperature, which can range between 5000 and 70000K. These plasmas are typically 

created by exposing the gas molecules to extreme temperatures. Industrial applications 

of hot plasmas are plasma torches, or apparatus used for the deposition of metals. Low

temperature plasmas are generally created by the application of electric discharge to the 

feed gas. In this case, the electrons are 100 - 1000 times the temperature of the gas 

molecules or atoms. However, as the electron mass is so small, minimal effect is had on 

the overall plasma temperature. This type of plasma is most often created under 

vacuum conditions, and is more suited to applications involving temperature-sensitive 

substrates, for example polymer films. 

In the case of polymer films, plasmas are often used as a means of modifying the 

surface properties of the substrate, whilst having minimal effect on the bulk 

characteristics of the material. Obtaining a thin, uniform, covalently-bonded conformal 
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coating with specific, and perhaps high-value, properties on a cheap, commodity 

polymer is very desirable. 

There are many applications where thin siloxane coatings are required, for example for 

release liners or to provide barrier properties. These two applications, although both 

surfaces contain silicon, have very different chemistries. For release properties to be 

achieved, the siloxane must be in an 'organic', polymeric state. However, for barrier 

properties are more likely achieved using siloxane materials in an inorganic, resinous 

form. Other favourable properties that may be achieved using thin silicon coatings are 

enhanced hydrophobicity, lubricity, thermal stability, and anti-fouling. 

2.2.2 Corona or dielectric barrier discharge 

Dielectric barrier discharge (DBD), typically referred to as 'corona' disharge in 

industrial applications, allow the formation of non-equilibrium plasmas at atmospheric 

pressure. The discharge is generated by the application of a high voltage to a gas 

between parallel electrodes, covered by either one or two dielectric plates. 

The high voltage causes the gas to break down into many microdischarges or 

'filaments'. DBD is carried out in air, resulting in heat, light and active species such as 

0, 03, 02*' N2* and radicals. The proposed mechanisms of surface modification are 

through the incorporation of polar groups, leading to increased surface energy. Both 

crosslinking and polymer chain scission reaction mechanisms compete, resulting in the 

formation of hydroxyl, carbonyl, carboxyl and nitro functional groups. Increased 

surface roughening is often reported as an additional effect of corona treatment. 

10 



2.2.3 Atmospheric pressure plasma 

The first report of a glow discharge plasma generated at atmospheric pressure was by 

Von Engle in the 1930's3. Key papers by Kanazawa et at and Massines et als have 

discussed the use of helium, or argon with acetone to generate a glow discharge plasma. 

In this modification technique, an AC voltage is applied to the gas. This accelerates any 

free electrons present in the gas, which can then ionise the neutral atoms. This in tum 

releases further electrons, and leads to an 'avalanche' ionisation. When the density of 

ions and electrons is sufficiently high, so that they begin to act collectively, a plasma is 

generated. 

Generation of plasmas from helium at atmospheric pressure has several advantages over 

conventional surface modification techniques, such as corona discharge treatment 

(CDT). The plasma generated is a uniform discharge, and under typical operating 

conditions contains no filamentary discharges observed in corona discharge. The 

absence of filamentary discharge results in a more uniform treatment effect, and is less 

damaging to the substrate. Additionally, APP provides both activation and deposition 

processes. The use of helium to generate the APP, rather than ambient air used in CDT, 

allow more versatile chemistries to be deposited. Other atmospheric pressure plasma 

systems incorporate air into their process, and as such limit to oxidative chemistry. 

2.3 PLASMA TREATMENT OF SILOXANE 

2.3.1 Hydrophobic recovery of siloxanes following exposure to plasma 

Of great interest in the plasma treatment of siloxane is the effect known as hydrophobic 

recovery. This phenomenon describes the return from a wettable, oxidised siloxane to 

the more typically observed hydrophobic, polymeric siloxane structure. 
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There are several key papers in the literature that describe hydrophobic recovery, and 

several researchers have used a variety of analytical tools (both surface sensitive and 

bulk) to evaluate the changes, with the aim of proposing a mechanism. 

In 1975, a Dow Coming internal report by Lee and Homan6
• suggested that a possible 

mechanism of hydrophobic recovery was through condensation of silanol species 

present on the surface of the silicone after electrical discharge. This hypothesis is 

applicable to treatment of silicone elastomers by helium plasma treatment, as the same 

species are generated through radical attack. For example, as shown in Scheme 2: 

. 
OH 
--... =SiOH 

----i •• -SiOOCH2 ---... =SiO + 

-_SI·O· + -S'CH == 1 3 

Scheme 2: Formation ofsilanol species through radical attack ofSi-Me or Si-H groups 

The paper states that the rate of recovery is based on the reactivity of the -OH 

functionality. This will be dependent on the other substituents on the Si atom to which 

the -OH is bonded. A further mechanism for hydrophobic recovery is also suggested: 
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migration of chain segments from the bulk of the material to the surface. This will be 

driven by the thermodynamic need for the surface to obtain the lowest energy surface 

configuration; the high-energy oxidised PDMS would prefer to be covered by a layer of 

low surface energy PDMS. 

Lee and Homan further expanded the hypothesis of the formation of a thin fluid film on 

the surface of the activated siloxane elastomer in a subsequent internal report7
. Here, an 

explanation is given for the fornlation of cracks in the surface of the siloxane caused by 

corona discharge treatment. Crosslinking of the surface caused by recombination of 

radicals create a surface layer that is subject to internal stresses. These stresses may be 

relieved by cracking, through which PDMS may migrate from the bulk. They believed 

that this thin fluid film prevented the formation of further i-OH in fresh cracks, 

resulting in a hydrophobic surface, maintenance of which was the aim of their study. 

Such cracking of the surface is mentioned in many publications on the subject, and is 

illustrated in Figure 2-1, where AFM micrographs clearly show the formation of cracks 

in the smooth surface of a cured siloxane elastomer that had been plasma treated to 

excess. 

Figure 2-1: TappingMode ® AFM images of the surface of cured silicone after excessive (30s, 
7.16W) plasma treatment whilst ample was under tension. Maximum height (white area = 50 nm) 
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A good overview of all the possible mechanisms of hydrophobic recovery is provided 

by Owen et af, initially in a DC internal reportS, and later elsewhere9 

• Reorientation of surface hydrophilic groups away from surface 

• Migration of treated chains from surface to bulk 

• Migration of untreated polymer chains from the bulk to the surface 

• Loss of volatile, oxygen-rich or other polar species to the atmosphere 

• Surface silanol condensation 

• Changes in surface roughness 

• External contamination of the polymer surface 

Subsequent research1o
-
12 has narrowed this list of possible mechanisms down to two 

major ones: the migration of PDMS from the bulk of the sample to the surface, and the 

reorientation, or overturn, of active species at the surface. Both these mechanisms are 

driven by the desire of the system to reach an equilibrium state by minimising the 

surface free energy. 

The migration mechanism is proven to occur by comparing the elemental composition 

of the surface using both grazing-angle and normal-angle XPS. Grazing angle XPS is 

more surface sensitive than normal angle XPS, with the former analysing the outermost 

1-2nm of the surface, and the latter investigating -8nm into the sample. Kim et al 

report that the outermost surface is less oxidised than the slightly deeper thin film that 

normal angle XPS investigates. However, since extracted samples recovered at the 

same rate as non-extracted samples, it is believed that pre-existing mobile species are 
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not the dominant diffusing species, but that the treatment process itself may generate 

mobile species through chain scission of the polymer during activation. 

The overturn mechanism is thought to be unlikely in this scenario, since the formation 

of the highly crosslinked oxidised network will be less able to reorient. Instead, 

reference is made to work by Morra et al13 who interpreted a lower advancing contact 

angle of water and a higher receding contact angle of water as being due to decreased 

orientational freedom. They believed this was a result of ageing causing a more rigid 

backbone caused by crosslinking by silanol condensation. 

It has also been observed that the dominant mechanism of hydrophobic recovery may 

also be dependent on the specimen type, and also on the extent of treatment. For 

example, in their work on siloxane elastomers exposed to electrical discharge, Owen et 

al14 showed different dominant mechanisms of recovery for extracted elastomers, versus 

those which had not been extracted, and also between samples that had been treated at 

low intensity, versus those treated at high intensity. Their findings may be summarised 

as follow: 

• For extracted samples 

o At low power discharges, oxidation of the methyl groups attached to silicon 

occurs. Slower recovery is observed, which is assigned to reorientation as 

opposed to migration 

o At higher power discharges, accelerated recovery is observed, suggesting 

hydrophobic recovery is due to migration of in-situ formed low molecular 

weight species 

• For non-extracted samples 
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o The key mechanism at low discharge is migration of pre-existing LMW 

PDMS from the bulk to the surface 

o At higher discharges, again, hydrophobic recovery is dominated by the in

situ formation of LMW species 

2.4 PLASMA POL YMERISATION 

2.4.1 Plasma polymerisation of siloxanes at low pressure 

The majority of plasma polymerisation of siloxanes has been carried out at low 

pressure, using gaseous or vapour precursors. The precursors most frequently discussed 

in the literature are hexamethyldisiloxane (HMDSO), tetraethoxysilane (TEOS), 

tetramethoxysilane (TMOS), tetramethyldisiloxane (TMDSO), and SiH4, reflecting the 

need to use small molecules, easily converted to a gas or vapour 1 5-18. The work has 

tended to focus on deposition to achieve barrier properties. 

2.4.2 Plasma polymerisation of siloxanes at atmospheric pressure 

Dielectric barrier discharges have been used to deposit siloxane coatings at atmospheric 

pressureI9
-
21

• These papers have also used small molecule siloxanes as the precursors: 

TMS, TEOS, SiH4, HMDSO and hexamethyldisilazane (HMDSN). Recent 

developments using atmospheric pressure glow discharge have enabled low molecular 

weight cyclic siloxane polymers, octamethylcyclotetrasiloxane (OMCTS) and 

tetramethy1cyc1otetrasiloxane (TMCTS) to be deposited to achieve siloxane coatings 

with tunable chemistries22
• TEOS, HMDOS and SiH4 have also been used as precursors 

for deposition using atmospheric pressure glow discharge23,24 
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METHODS AND MATERIALS 

18 



3.1 INTRODUCTION 

In this chapter, the corona discharge and atmospheric pressure plasma apparatus used to 

generate modified surfaces are introduced. This section deals specifically with the 

apparatus; the means by which coronas and plasmas are formed were discussed in 

Chapter 2. In addition, the basic principles of each of the techniques used to 

characterise the modified surfaces, following both corona discharge and atmospheric 

pressure plasma treatment, and following deposition of siloxane coatings, are discussed. 

X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM) and contact 

angle measurements are a complementary range of surface sensitive analytical 

techniques essential to understanding the effect of surface modification on the substrate. 

The three techniques provide the researcher with information about the surface 

chemistry, topography and surface energy. Experimental details about the equipment 

are also presented in this section. 

Finally, the molecular structures and sources of the substrates and precursors utilised in 

this work are presented. Polypropylene and poly(ethylene terephthalate) films and 

poly( dimethylsiloxane) and poly(hydrogenrnethylsiloxane) were the materials used. 

3.2 CORONA DISCHARGE TREATMENT 

Corona discharge treatment (COT) was carried out on a GXlO Corona generator, 

manufactured by Sherman Treaters (Oxon, Thame, United Kingdom). The GXlO is a 

bench-top dielectric barrier discharge instrument, with an air gap of ~ 3 mm between the 

electrode and the sample. The electrode width was 0.4 m. The corona generator power 
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supply operates at a maximum power of 1.0 kW, with a frequency of20 kHz ± 5%. The 

speed of treatment could be varied between 5 and 25 mmin-l. 

3.3 DCPS ATMOSPHERIC PRESSURE GLOW DISCHARGE SYSTEM 

Dow Coming Plasma Solutions (DCPS) Mark I apparatus was used to prepare deposits 

on flexible substrates, operating in reel-to-reel conditionsl.2. The plasma source utilizes 

parallel plate technology to generate a glow discharge plasma. The DCPS Mark I 

apparatus used in this study comprises a single cell with two plasma zones, each 100 

mm wide. The first plasma zone is purely for activation; the second also allows 

deposition. The electrodes are aluminium fixed to a glass plate set in a polyethylene 

housing. Flowing water is used to both cool the electrodes, and also provides a more 

homogeneous plasma. The apparatus is enclosed in a unit that acts both as a Faraday 

cage, and additionally allows extraction during operation. 

3.3.1 Power Supply 

A Huttinger (Freiburg, Germany) TIG 10 radio-frequency generator with a maximum 

power output of 10 kW, and frequency of 20-100 kHz was used as the power supply. 

Typical operating conditions are at a voltage of 5-1 0 kV at a frequency of 30-50 kHz. 

3.3.2 Gas Control 

The gas is controlled using Celerity (Kinetics) 7300 mass flow controllers with Profibus 

protocol, enabling flow control independent of pressure and temperature. Helium 

flowrate can be varied between 0 and 30 slm, and oxygen can be varied between 0 and 

1.5 slm. 
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3.3.3 Precursor Control 

The precursor is introduced as an atomised liquid directly into the glow discharge. 

Atomised liquid is generated via an ultrasonic nebuliser such as the Sono-tek, 8700-

1203. The nozzle frequency is 120 kHz, with variable flowrates between 0 and 2400 

f..lLmin-' . The precursor is delivered to the nozzle via temperature-controlled tubing 

from a syringe pump with automatic flowrate control. 

A photograph of the Dow Coming Plasma olutions Mark I is shown in Figure 3-1, 

viewed from the perspective of the reel with a cross-sectional view presented 

schematically in Scheme 1. 

Figure 3-1: Photograph of the DCPS Mark 1 atmo pheric prc urc glow discharge apparatu taken 
from the perspective of the reel 
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Scheme 1: Cross-sectional schematic of Dow Corning Pia rna Solutions Atmo pheric Pre sure 
Plasma Liquid Deposition apparatus 

3.4 CONTACT ANGLE MEASUREMENTS 

3.4.1 Adsorption Theory 

Surface modification techniques such as corona discharge and atmospheric pressure 

plasma treatment are often carried out as a means improve adhesion to plastic films. It 

is well established that one of the mechanisms of adhesion is adsorption. This proposes 

that, provided sufficiently intimate contact is achieved at an interface, materials will 

adhere because of the interatomic and intermolecular forces that are established between 

the two surfaces4
,5. To some extent, adsorption will always be involved in an adhesive 

bond. 

Forces that are involved in adsorption theory are often divided into primary and 

secondary forces, based on the bond energies involved. Primary forces include 

chemical bonds, such as ionic covalent and metallic bonds, which are associated with 
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chemical adsorption (or chemisorption) theory. Physical adsorption (or physisorption) 

theory is associated with secondary forces. These include dispersion (London) forces, 

dipole (polar) interactions, and donor-acceptor interactions, such as hydrogen bonds. 

3.4.2 Surface Energy Measurements & Physical Adsorption Theory 

Physical adsorption constitutes the first criterion that must be satisfied for adhesion to 

be possible: the adhesive must wet the substrate. The surface energy of the substrate 

must be higher than the surface tension of the adhesive for this to occur. However, 

since plastic films typically display low surface energies, the difference between these 

energies is often not great enough to facilitate wetting. It is for this reason that surface 

modification techniques are employed: the surface energy of the substrate is raised, and 

the adhesive can then wet the substrate. 

The likelihood of an adhesive wetting the substrate may be evaluated by measurement 

of the surface energy of the substrate. This is achieved by measurement of the angle 

formed by a sessile drop of a known liquid on the substrate, known as the contact angle, 

Figure 3-2. This angle is then converted to surface energy by the use of one of several 

equations, and provides a measure of the extent of surface modification. 

The term suiface free energy is used in relation to the solid surface, whereas the 

suiface tension is used to refer to liquids. However, these terms are often used 

interchangeably, since although their units are different (mJm-2 versus mNm-l
, 

respectively), their magnitudes are equal, as both are a measure of the force by which 

molecules cling to each other. 
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Figure 3-2: A liquid drop at equilibrium on a olid ubstrate. The contact angle made by the drop 
is highlighted in red 

There are a number of different mathematical approaches used in the calculation of 

surface energy. None of these are absolute, and so care must be taken to report the 

contact liquids used, and the mathematical approach taken. In thi s work, contact angles 

were converted to surface energy using the geometric mean approach of Owens and 

where: 

2( d d )Y2 2( p P)Y2 Y LVY sv + Y LVY sv 

e = contact angle (degrees) 
YLV = surface tension of the test liquid (mN.m· l

) 

YL/ = polar contribution to the surface tension of the test liquid (mN.m· l
) 

YLVd = dispersive contribution to the surface tension of the test liquid (m .m- I
) 

Ys/ = polar contribution to the surface energy of the solid substrate (mJ.m-2
) 

Ysvd = dispersive contribution to the surface energy of the solid substrate (mJ.m-2) 

[1] 

The subscripts S, L, and V correspond to solid, liquid and vapour phases respectively 

wh ile the combination of letters, e.g., SV, corresponds to the solid / vapour interface. 

The Owens-WendtiKaelble equation [1] is more generally known as the Owens-Wendt 

equation, and can be rewritten in the linear form of y = ax + b: 
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Y1Y(1 + cose) = (ysvP)'h . (YLVP/YLVd)'h + (YSVd)'1l 
2(YLVd)'h 

[2] 

The polar, YSVP, and dispersive, YSVd, contributions to the surface energy of the substrate 

are calculated using a linear regression analysis from the plot (Figure 3): 

YL.Y(1 + cose) = f(YLvP/YL/)'h 
2(YLVd)'/l 

[3] 

whereby the slope is equal to (ysvP)2 and the intercept on the y-axis is equal to (ysvdi. 

Since the surface energy of the solid is described by ys = yP + yP, ys may be simply 

calculated by: 

(slopei + (intercept)2 = surface energy of the substrate [4] 

YLV, yPLV and ydLV are known quantities available from several references, Table 3-1. e 

is the measured value. 

Liquid yP yd ytot yuJ (YLVP I YLvd
)112 

(reference) (mNm- l
) (mNm- l

) (mNm- l
) 2(YLvd)112 

Water (11) 51.0 21.8 72.8 7.796 1.53 

Formamide C) 29.5 28.7 58.2 5.432 1.01 
Diiodomethane (11) 2.3 48.5 50.8 3.647 0.22 

Ethane-l,2-diol C) 17.4 27.3 47.8 4.574 0.80 

1-Bromo- 0 44.6 44.6 3.339 0 
naphthalene (8) 

Benzyl alcohol ('1) 9.8 29.2 39.0 3.609 0.58 

Hexadecane C) 0 27.1 27.1 2.603 0 

Table 3-1: Surface tension and its polar and dispersive contributions ofa selection of liquids often 
used to determine the surface energy ofsolids 

Contact angle measurements were carried out using 1.5 ).lL drops of HPLG grade water 

as the probe liquid, with an image captured 20 seconds after the drop was placed on the 

film. The left- and right-hand angles of at least three drops were measured, and used to 

provide an average value. Measurements were completed within 20 minutes of film 

treatment. The instrumentation used were as follow: 
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Following APGDIAPPLD. Contact angles were measured on the modified side of the 

film using a KSV 2000 video contact angle apparatus. The contact angle between the 

probe liquid and the substrate was measured using a Young-Laplace curve-fit. 

approximation. 

Following eDT. An Advanced Surface Technology video contact angle VCA 2500 

system was used. In this case, the contact angle between the probe liquid and the 

substrate was measured by placing five cursor points around the image of the drop, and 

fit using a Young-Laplace 

In each case, the apparatus used to measure the contact angles comprised a movable 

stage, automated volume syringe dispenser and an image capturing system. 

3.4.3 Surface Chemistry & Chemical Adsorption Theory 

Enhancement of adhesion via this mechanism occurs via the formation of covalent, 

ionic or hydrogen bonds across an interface. The effect of corona discharge or 

atmospheric pressure plasma on the substrate surface chemistry was evaluated using X

ray photoelectron spectroscopy. This technique is discussed in detail in the following 

section. 
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3.5 X-RAY PHOTOELECTRON SPECTRO COPY 

3.5.1 Introduction 

Manipulation of the photoelectric effect (Hertz, 1887) in developing a new technique 

for determining the elemental composition and chemical composition of surfaces began 

in the 1940' s. Two groups played key roles in this development: Steinhard and erfas 

(Lehigh University, U A) and Siegbahn (Upsala, Sweden). From 1955 - 1970 

Seigbahn's continued research on the topic, lead ing to hi s being awarded the Nobel 

Prize in 1981, led to the observation of the chemical shift effect, and revolutionised 

what he termed ESCA, or Electron Spectroscopy for Chemical Analysis. This term is 

used interchangeably with XPS, or X-ray Photoelectron Spectroscopy. Over the last 30 

years, commercial instruments have become available, and wh il st not commonplace, 

they are now found in many academic, contract analytical and industrial research 

facil ities. 

3.5.2 The Photoelectric Effect 

X-ray photoelectron 

spectroscopy (XPS) 

involves irradiation of a 

sample under ultra-high 

vacuum with soft X-rays, 

and the energy analysis of 

photoemitted electrons that 

are generated close to the 

sample surface, Figure 3-3. 

Vacuum 

Fermi level 

Valence band 

K ( I ) 

Figure 3-3: chematic indicating emis ion of a photoelectron 
from an atom irradiated with X-ray photon. The energy of the 
ejected electron identifies the chemical nature and 
environment of the atom. 
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The electrons are emitted with a measurable kinetic energy, EK. However, as the kinetic 

energy of the photoelectrons is dependent on the photon energy of the X-ray source, it is 

more convenient to convert this to a binding energy, EB. The binding energy is used to 

unambiguously identify the element, and atomic energy level from which the electron 

has been emitted. The terms are linked by the Einstein relation, shown below: 

EB == hv-EK-W 

where EB = binding energy, EK = kinetic energy, hv is the X-ray photon energy, and W 

is the spectrometer work function. The computing system of the spectrometer 

calculates EB from the other three quantities, which are either known or measurable. 

3.5.3 Depth of Analysis 

One of the most interesting features of data captured by XPS is its surface sensitivity. 

The depth of analysis of XPS varies up to a maximum of -1 0 nm. It is dependent on the 

kinetic energy of the electrons being investigated, and is related to the electron 

attenuation length (A). 

The term 'effective attenuation length' (EAL or A) is often used interchangeably with 

the 'inelastic mean free path' (IMFP). Although these two terms are related, the IMFP 

refers to the distance that an electron can travel through a solid without experiencing an 

inelastic collision. The EAL differs from the IMPF by about 10%, due to elastic 

scattering of the signal electrons. The IMFP is characteristic of the material, whereas A 

additionally varies due to instrument configuration and film thickness. 
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The intensity of the emitted electrons is related to the effective attenuation length 

through the Beer-Lambert equation: 

1 = 10 exp (-d / Acos8) 

Where 1 = intensity of electrons emitted from depths> d 

10 = intensity of electrons from infinitely thick, uniform substrate 

d = depth of analysis 

A = effective attenuation length 

8 = angle of analysis with respect to sample normal 

The EAL used in calculations, where required, was obtained from the NIST database 10 

3.5.4 Spectral Interpretation 

Survey spectra and photoelectron peaks 

A plot of electron energy against intensity produces what is commonly known as a 

widescan, or survey spectrum. Each photoelectron peak must be identified using 

tabulated data such as those in Appendix 7 of Briggs and Seah's book II. The intensity 

of these core level peaks can then be quantified using relative sensitivity factors to 

obtain the relative concentration of the elements present (with the exception of 

hydrogen and helium). An example of a survey spectrum generated from a 

fluoropolymer is presented in Figure 3-4a. 
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Figure 3-4: Example of a) survey spectrum of a fluoropolymer indica ting which elements are 
present, b) high-resolution spectrum of the C Is corer level heptadecaflurodecyl acrylate, whose 
shape can be used to identify which functional groups a re present 

Auger electron and valence band peaks 

In addition to peaks relating to electrons being emitted from core levels (e.g. F Is, 0 Is, 

N 1 s, CIs), the spectrum has additional peaks caused by the emission of Auger 

electrons (0 KLL, F KLL). These transitions occur when relaxation of the excited atom 

occurs via rearrangement of electrons in the core levels. The core hole is filled by an 

electron from a higher energy level , with the corresponding ejection of an electron from 

the higher level. 

Additional features are also observed in the low energy region (0 - 30 e V), relating to 

the valence band, e.g. 0 2s, C 2s. This region provides useful information for samples 

with identical core level spectra. For example, this can be used to differentiate between 

polyethylene and polypropylene, both of which only contain carbon, and thus have 

identical C I score level spectra 
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Figure 3-5: Valence band spectra for a) poly(ethylene) and b) polypropylene enabling 
differentiation that is not possible by examination of the C Is core level 12 

Chemical state infom1ation 

More in-depth information can be obtained by carrying out high-resolution XPS. This 

involves scanning over a narrower energy region, and provides information about the 

chemical state of the element under investigation . For example, the oxidation state of 

the element will cause a slight variation in the measured binding energy. This binding 

energy shift is also observed when the element under investigation is bonded to a more 

electronegative element. This is most clearly observed for carbon (C I s); its bonding to 

oxygen, nitrogen or fluorine all cause predictable variation in the observed spectrum. 

An example of the C 1 s core level of a fluoroacrylate material is presented in Figure 

3-4b. A detailed discussion on the curve-fitting procedure used to assign chemical 

functionalities will follow. 

3.5.5 Data analysis 

Quantification of the elemental composition of the films was carried out using both the 

Kratos Axis Ultra Vision2 software, and later CasaXPS software. A linear background 
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was used. The sensitivity factors used were the standard Kratos Vision library 

empirically derived values. Each instrument is calibrated using a gold standard to 

account for variations in its transmission function. The sensitivity values also combine 

the effect of photoelectric cross-section and inelastic mean free path, and are referenced 

to F 1 s = 1.00. The relative sensitivity values from the Kratos instrument were 

downloaded into the CasaXPS software to enable comparison between data quantified 

using either software. 

3.5.6 Curve-fitting 

The linewidth, or full width at half maximum (FWHM), 8E, comprises contributions 

from 

a) the linewidth of the X-ray source 

b) the analyser resolution 

c) the intrinsic core level FWHM 

In addition, these contributions also have associated lineshapes: Lorentzian for the 

source, Gaussian for the analyser, and Lorentzian with some tailing for the core level, 

resulting in a hybrid lineshape. In this work, the line-shapes of synthetic components 

fitted were restrained to be GL(30)T(2.3) in CasaXPS nomenclature, which corresponds 

to a GaussianiLorentzian ratio of 70/30, and an asymmetry index of 0.1776. 

An exception to this is the composite line shape used to fit 'as received' polypropylene 

film. This was used as an alternative to a vibrational progression of four peaks with the 

lineshape mentioned above. The method for curve-fitting the CIs core level for 

polypropylene film following corona discharge treatment or atmospheric pressure glow 

discharge is described in detail in Chapter 4. 
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Similarly, Chapter 5 describes in detail the methodology used for curve-fitting the 0 1 s, 

C Is, and more importantly, the Si 2p core levels for siloxane materials. The Si 2p core 

level comprises a doublet resulting from spin orbit splitting. 

3.5.7 Spin Orbit Coupling 

Spin orbit splitting is observed in the p, d, or f energy levels of an atom, and results 

from coupling of the electronic spin and angular momentum. Also known as j-j 

coupling, the term describes the total angular momentum of an isolated electron. As j = 

1+ s, it can take values of Ih, 3/2, 5/2 etc., depending on the angular momentum. 

In all cases, a self-consistent manner was used in all the curve-fitting processes, with 

every attempt to match, for example, the concentration of oxidised functionalities to the 

concentration of oxygen incorporated by CDT or APGD, or the intensity of C-Si 

synthetic peaks in the CIs core level to the concentration of C-Si species determined 

from the Si 2p core level. 

3.5.8 Instrumentation 

X-ray Sources 

A number of X-ray sources, both achromatic and monochromated, can be chosen for 

use in XPS, Table 3-2. The source should be chosen such that it can excite electrons 

from any element in the periodic table (with the exception of helium and hydrogen). 

Typically, at least two anode materials will be combined in a non-monochromated dual 

anode on each instrument. In addition, a monochromated source is often incorporated 

into the instrument. Recent advances have seen the use of monochromated dual-anodes. 
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Element Line 
Y MS 
Zr MS 
Mg KU\,2 

Al Kul,2 
Si Ku 
Zr La 
Ag La 
Ti Ka 
Cr Ka 

Ener eV 
132.3 
151.4 

1253.6 
1486.6 
1739.6 
2042.4 
2984.4 
4510.9 
5417.0 

Table 3-2: Possible anode materials for XPSIl 

3.5.9 Calibration and data capture 

XPS was carried out on a Kratos Analytical Axis Ultra photoelecton spectrometer. The 

instrument is equipped with a spherical mirror analyser (165 mm mean radius lISA), an 

integral automatic charge neutraliser and a magnetic lens. A monochromated 

aluminium (AI Ku) X-ray source was used to record spectra at normal emission. The 

magnet linearity, water flow rates, and leakage current were checked on a three monthly 

basis, or after every bake, which ever was soonest. The magnet linearity check involves 

varying the kinetic energy, and ensuring that the measured current follows its square 

root function. The leakage current, determined from the Glassman power supply, is a 

measure of the conductivity of the water passing through the anode. The alignment of 

the crystal back-plane was optimised by maximising the counts, whilst minimising the 

FWHM of an argon sputter-cleaned silver foil. The linearity of the energy scale was 

also checked regularly in accordance with the instrument manual. Using the Ag foil, the 

3d and MNN lines of the sample gave a difference of 547.47, which was within the 

prescribed limits. A nominal power of 300 W was used for all samples. A pass energy 

of 160 eV was used to capture wide area scans, whilst 20 eV was used to obtain the high 

resolution core level spectra. The 'slot' aperture was used during capture (700 x 500 

J.lm). A step interval of 0.1 eV was used for the high-resolution spectra. 
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3.5.10 Charge Neutralisation 

X-ray irradiation of an insulating sample, such as the plastic films used in this work, 

causes the sample to become positively charged due to the emission of electrons. This 

causes a shift in the photoelectron peak to a higher binding energy. Additionally, the 

peak shape can become asymmetric, and negatively affects the resolution of the peak. 

The use of an achromatic source can overcome this effect by the emission of low energy 

electrons from the X-ray source window. However, the use of a monochromatic source, 

whilst offering benefits, increases this charging problem. Additionally, differential 

charging can occur, resulting in broader peaks, thus negating the effect of the 

monochromator. 

These effects can be compensated for by the use of a charge neutralisation system. A 

source of low energy electrons (- 0.1 e V) 14 is used to flood the sample of interest. As 

an excess of electrons is typically used, the peak now moves to a lower binding energy, 

but can be adjusted to the correct value during data processing. This is typically carried 

out by adjusting the position of the aliphatic C-C component to 285.0 eV. 

All of the samples of interest required charge neutralisation. The charge neutralisation 

value was optimised to be when the signal to noise and FWHM were minimised, using a 

polypropylene film sample. 
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3.6 ATOMIC FORCE MICROSCOPY 

Binnig, Quate, and Gerber invented the Atomic Force Microscope in 1986 in a 

collaboration between IBM- Zurich, and Stanford University. Atomic force microscopy 

(AFM) was derived from a collection of techniques based on scanning probe 

microscopy (SPM). Scanning probe microscopes have components common to all 

instruments, shown in Figure 3-6. One additional variation is the ability of the sample 

to scan, rather than remain stationary during analysis. 

MULTIPLE SEGMENT PHOTODIODE 
(position sensitive detector) 

\ MIRROR 

LASER 
DIODE 

x, Y 
PI EZOELECTR IC 

SCANNER 

Z 
PIEZOELECTRIC 

SCANNER 

-"'~---""":::::-"' CANTILEVER 

Figure 3-6: Schematic showing the components of the Dimension 3100 atomic force microscope ls• 
Image presented courtesy of Drs J. Drelich and ER. Beach, Michigan Technological University 

The most commonly used modes of operation III AFM are contact mode, 

TappingMode™, or using Phaselmaging™. In the first of these, contact mode, the 

probe is rastered across the surface whilst in contact. This mode provides topographical 

information, but is heavily influenced by adhesion and frictional properties. This mode 

is typically unsuitable for soft samples such as polymers as it may damage the surface. 
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3.6.1 TappingMode ™ AFM 

In TappingMode™, the 

cantilever is oscillated at a 

value close to its resonance 

frequency using a piezoelectric 

crystal. The associated 

amplitude is known as the 'free 

air' amplitude, and has a 

specific value. The oscillation 

amplitude of the cantilever 

varies with sample topography: 

as the tip is moved towards, 

and then into contact with a 

substrate, this amplitude is 

reduced (amplitude set-point). 

"Free" Amplitude 

Fluid layer 

~ Ampllude reduced 

Figure 3-7: Schematic desc ri bing Ta ppingMode™ 
cantilever osc illation in free a ir a nd dur ing ample 
analysis. Image courtesy www.veeco.com 

To ensure a reproducible measure of magnitude of the force applied during the 

tapping regime the ratio of the an1plitude of set-point oscillation on (a zero run scan 

size) to the free oscillation was employed. This ratio is abbreviated as Rsp. Values of 

Rsp = 0.8 - 1.0 are light ' tapping; Rsp = 0.5 - 0.8 are 'medium' tapping; Rsp < 0.5 are 

' hard'tapping. 

As the tip is then scanned in intermittent contact with the substrate, the amplitude of set-

point oscillation will vary with topography. For example, as the tip passes over a region 

of elevated height, the cantilever oscillation decreases. Conversely, in a depression, the 

cantilever oscillation can increase, towards that of the cantilever in free air. A feedback 
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loop adjusts the distance between the tip and the substrate in order to maintain Rsp as a 

constant. These changes are converted to a 3 dimensional image. 

In this mode, the force applied to the surface of the substrate is very small , and since no 

lateral movement occurs, very little or no damage is caused to the surface. This mode is 

idea for analysis of polymers, and other soft materials. In addition to height information 

provided using this technique, information about the mechanical and adhesive 

properties of the sample may also be obtained by using PhaseImageingTM concurrently. 
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PhaseImageing ™ measures spatial 

variations in the physical properties of a 

sample. As mentioned above, the 

cantilever is resonated by the piezo-

electric driver, which results In an 

oscillation curve. The phase of the 

cantilever oscillation IS monitored 

relative to the phase of the piezo driver. 

Figure 3-8: Phase imaging measures the phase 
lag of the cantilever oscillation (solid wave) The measured lag is recorded, and its 
relative to the piezo drive (dashed wave), and is 
used to map spatial variations in sample value provides a measure of variations 
properties, e.g. adhesion and viscoelasticity. 

[mage courtesy www.veeco.com such as adhesion and viscoelasticity. 

In this research, AFM was carried out on a Digital Instruments Dimension 3100 

instrument in TappingMode™ using an ultra-sharp silicon tip. Both the height and 

phase images of scanned areas 1 x 1 ).lm, 5 x 5 flm , and 25 x 25 flm were captured, 

using both ' light' and ' medium' tapping. The root-mean-square roughness was also 

evaluated. Images have been captured with a low tapping force, this represent an Rsp 
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value of 0.7 - 0.8. The Rsp values are 0.5 -0.6 where medium force tapping has been 

utilised in image capture. Automatic plane-fit image manipulation and 'flattening' have 

been carried out on all images to an order of 1. 

3. 7 MATERIALS 

3.7.1 Poly( dimethylsiloxane) 

Poly(dimethylsiloxane), or PDMS, IS a 

transparent material available in many 

forms, from non-viscous liquids to high-

molecular weight gum. Its polymer 

backbone comprises alternating silicon 

and oxygen atoms, with CH3 side groups. 

The structure of the polymer is presented 

in Figure 3-9 

Figure 3-9: Chemical structure of 
poly(dimethylsiloxane) 

In this work, the PDMS was in liquid form, with a viscosity of 10 cSt. The commercial 

name of the material is DC200 fluid, manufactured and supplied by Dow Coming 

Corporation. 

3.7.2 Poly(hydrogenmethylsiloxane) 

Poly(hydrogenmethylsiloxane), or PHMS 

has a similar structure to PDMS, with the 

exception that each methyl side group has 

been replaced with a hydrogen atom, 

Figure 3-10. This makes the precursor Figure 3-10: Chemical structure of 
poly(hydrogenmethylsiloxane) 
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much more reactive as the Si-H bond is 

more labile than the Si-CH3 bond. 

1 DcSt PHMS, manufactured and supplied by Dow Corning Corporation was the second 

precursor evaluated in this work. 

3.7.3 Poly(propylene) film 

Commercially available poly(propylene), 

or PP, film for food use was used in this 

investigation. It was 25 !lm thickness 

film, type BS, from AB Supplies. It was 

not possible to obtain any information 
Figure 3-11: Chemical structure of 

polypropylene 
about base resin molecular weight, or 

additives to the film. 

However, no surface contamination, such as silicon or nitrogen, from processing or 

stabilising additives were identified by XPS. 

3.7.4 Poly(ethylene terephthalate) film 

25 !lm thick, commercially available 

poly( ethylene terephthalate), or PET, 

film from Goodfellow, UK. As for 
Figure 3-12: Chemical structure of 

BOPP film, no surface contamination, 
poly(ethylene terephthalate) 

such as silicon or nitrogen, from 

processing or stabilising additives 

were identified by XPS 
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CHAPTER 4 

A COMPARISON BETWEEN THE EFFECTS OF 

CORONA DISCHARGE AND 

ATMOSPHERIC PRESSURE PLASMA TREATMENTS 

ON POLYPROPYLENE FILM 
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4.1 INTRODUCTION 

Corona discharge treatment (CDT), is a surface modification technique commonly used 

to activate plastic films prior to adhesive bonding, printing with inks, lamination to 

other films, and other coating applications l
, and is the most widely used method for pre-

treating polyolefin films2. Much work has been published on the effect of CDT on 

polyolefin films, and the mechanism of surface modification is now well 

t bl ' h d3,4,5,6.7,8,9,IO,II,12.13 es a IS e . However, surface chemistry, morphology, and resultant 

surface energy, vary considerably in the numerous studies carried out. The treatment 

parameters used in the literature can be extreme, with treatment times ranging from 

seconds to minutes, and levels of oxygen incorporation being as great as 40%, Previous 

work is discussed, where the treatment conditions were, in energy density terms, 

representative of those used in industrial applications. The physico-chemical properties 

of the surface of untreated and corona discharge treated biaxially oriented 

polypropylene (BOPP) film were investigated l4 for these well-defined treatment 

parameters. The current work further expands on this, by comparing the level of 

activation obtained between biaxially oriented polypropylene film treated with corona 

discharge treatment (CDT) and atmospheric pressure plasma (APP). CDT was carried 

out in ambient air, whilst APPs were obtained using helium, a helium I oxygen, or a 

helium I air. Although some previous research comparing the effect of corona and 

plasmas have been identifiedl5
,16, the novelty of the current study lies in the use of APP 

in reel-to-reel conditions. This will provide results pertinent to industrial applications. 

The CDT is also carried out such that the polymer substrate passes through the 

treatment region, compared to stationary film treatment. 

Comparison of the changes in the surface physico-chemical properties of the BOPP film 

were investigated using a number of complementary surface analytical techniques: 
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contact angle measurement, X-ray photoelectron spectroscopy (XPS), and atomic force 

microscopy (AFM). 

4.2 EXPERIMENTAL 

4.2.1 Corona Discharge Treatment 

The films were exposed to one pass under an electrode of width 0.4 m, in ambient air at 

5 mmin"I (0.083 ms"I). The input power was varied. The energy density (kJm"2) 

delivered to the surface during treatment is calculated from the power (kJS"I) supplied 

by an electrode of a given width (m) and the linear speed (ms"I) of the film passing 

under the discharge: 

. Power delivered 
Corona Energy DensIty = -----------

Linear speed x electrode width 

The input powers used, along with the conversion to energy density, are described in 

Table 4-1a. 

4.2.2 Atmospheric Pressure Plasma 

In this case, the films were transported through a pure helium plasma, a helium/oxygen 

mix (99%:1%), or a helium/air mix plasma (99%/1%), with path length of 0.5 m, at a 

rate of 4 mmin"I. The addition of an electronegative gas to the helium plasma can 

extinguish the discharge 17
• The energetic electrons required to maintain the plasma are 

trapped through the formation of negative ions. To avoid this situation, the additive gas 

concentration was chosen to be 1%, as this led to enhanced oxidation (observed by a 

decrease in water contact angle on polypropylene film) with no detrimental effect on the 

plasma quality assessed visually. The discharge powers were varied using the same 

input powers as for CDT. The energy densities for APP represents the powers imparted 
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to the film, and are calculated from the linear speed (mmin- I
), and the electrode area, 

and are presented in Table 4-1 b. 

APP Energy Density = Plasma Power Density x residence time of substrate in plasma 

Input Power 
(kW) 
0.00 
0.10 
0.21 
0.29 
0041 
1.00 

CDT 

PI P D
· Power delivered 

asma ower enslty = ------
area 

Energy density 
(kJm-2) 

Input Power 
(kW) 

0 0.00 
3 0.10 

6.3 0.20 
8.7 0.30 
12.3 0040 
30 1.00 

a 

API> 
Energy density 

(kJm-2) 

0 
15 
30 
45 
60 
150 

b 

Table 4-1: Input powers, and their corresponding energy densities, used in the comparison of the 
activation effect of corona discharge treatment and atmospheric pressure plasma 

4.2.3 Contact Angle Analysis 

Contact angle measurement was carried out within 30 minutes of activation by CDT / 

APP according to the procedure described in more detail in Chapter 3 : Methods and 

Materials. Portions of the treated films were also immersed in HPLC Grade water with 

no agitation for 10 seconds in order to evaluate the hydrolytic stability of the modified 

surface layer. Strobel et al
lB 

described no variation in measured contact angles whether 

samples had been immersed for a few seconds or for 24 hours. For the immersed 

samples, contact angle measurements were carried out after allowing the samples to dry 

in ambient air for 4 hours. 

There are a number of different mathematical approaches used in the calculation of 

surface energy. None of these are absolute, and so care must be taken to report the 

contact liquids used, and the mathematical approach taken. In this work, contact angles 
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were converted to surface energy using the geometric mean approach of Owens and 

Wendtl9, and Kaelble2o
, as described in more detail in Chapter 3. 

4.2.4 X-ray Photoelectron Spectroscopy 

The activated samples were placed under vacuum in the XPS system within 30 minutes 

of activation. Analysis of the first sample, according to the method described in 

Chapter 3 began within approximately 2 hours of activation. Portions of the films were 

immersed in HPLC grade water in order to measure the retention of incorporated 

oxygen. The wet samples were entered into the load lock of the XPS, whereby the 

vacuum removed the water prior to transfer into the analysis chamber. Similar 

conditions were used to prepare APP treated samples for analysis by XPS. Unless 

otherwise described, analyses were carried out at 90° take-off angle (TOA) with respect 

to the sample surface. 

4.2.5 Atomic Force Microscopy 

Imaging of the samples using AFM was carried out immediately on the first activated 

sample, as described in Chapter 3. However, imaging of the sample would take 

approximately 2 hours. The samples that were awaiting analysis were stored in 

polystyrene petri dishes whose lids were taped on to minimise their exposure to the 

atmosphere. Analysis of all samples was completed within 24 hours of activation. 
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4.3 RESULTS AND DISCUSSION 

4.3.1 Surface Energy: Influence of treatment method 

The surface energy (y) of the film and its polar and dispersive components were 

calculated from the contact angles of sessile drops of selected liquids deposited on the 

BOPP film. The choice of probe liquids is very important for the measurement of 

contact angles. Ideally, the probe liquid should be inert to the surface; it must neither 

chemically change during the measurement, nor react with the surface under 

investigation. In addition, the liquid drop must not dissolve molecules present on the 

surface that will modify its own surface tension. Previous work has reported that the 

use of polar probe liquids can dissolve the low molecular weight oxidised materials 

(LMWOM ) formed on the surface of plastic films by corona treatments. This would 

lead to inconsistencies in the values of contact angles reported, since the surface tension 

of the probe liquid would be lowered by the incorporation of LMWOM. However, 

using the pendant drop method to measure the surface tension of liquids, no significant 

change in the surface tension of water was found after leaving it in contact with the 

corona treated surface for 30 seconds21
• 

In this work, water, ethane-l,2-diol and formamide were used with the method 

described in 4.2.3. Previous work21 had shown that this combination of liquids most 

emphasised the change in the polar nature of the surface following corona treatment, 

which is the property of interest. The total surface energy was independent of the 

combination of probe liquids21
• 

Figure 4-1 presents the values obtained for y, yP, and l plotted as a function of the 

corona discharge energy density. Prior to activation, the surface energy of BOPP is 

composed solely of a dispersive component. This is unsurprising, as BOPP, being a 
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hydrocarbon polymer, has no polar functional groups. As expected, both the surface 

energy, and the polar contribution to the surface energy, increased with increasing 

energy density. 

70 ~----------------------------------~ 

.f' 60 
E 
E 50 
'-' 

5 

~polar contribution (mJm-2) 

_ dispersive contribution (I11Jm-2) 

-'-sllrface energy (I11JI11-2) 

10 15 20 

Power Density (kJm-2
) 

25 30 

Figure 4-1: Surface energy (y), and its polar (yP) and disper ive (l) contributions for BOPP film 
corona discharge treated usin g a range of power densities 

The greatest effect on surface energy is noted for power densities between 0 and 

6 kJm-2. This represents an increase in y from 28 to 60 mJm-2
, and an increase in yP 

from 0 to ~55 mJm-2
. A corresponding decrease in dispersive contribution to surface 

energy is also noted in this region. Further increases in energy density lead to no 

significant increase in surface energy. In fact, at the highest energy density of 30 kJm-2
, 

a decrease in surface energy to ~ 50 mJm-2 was observed. 

The water contact angle may be used to simply represent the change in surface energy 

of the film. This method allowed for more rapid analysis following corona or plasma 

treatment as only one probe liquid was used for measurement. As the energy density of 

the treatment increased, the water contact angle was found to decrease. The variation in 

water contact angle for BOPP film modified using the four treatment method IS 

presented in Figure 4-2. 
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Figure 4-2 : Variation in water contact angle wit h increasing energy density for polypropy lene fil m 
using different treatment cond itions 

A decrease in water contact angle was noted for activation by COT, APP using helium / 

oxygen mix and helium / air mix, and to a lesser extent, APP using helium. Corona 

discharge treatment resulted in the greatest change in water contact angle, with a 

decrease from 98° to 42° over the energy range studied. The results for helium/oxygen 

and helium/air were very similar; a decrease from 98° to 63° was observed . Treatment 

in the helium APP showed very little decrease in water contact angle from 98° to 80°. It 

is hypothesised that helium APP results in the least change in surface energy as APP 

using an inert gas is more likely to cause crosslinking of the surface, rather than 

oxidation, due to the lack of oxygen. However, it is generally understood that reaction 

of free radicals on the surface generated by APP, with oxygen/moisture in the air when 

the sample is removed from the apparatus results in some oxygen incorporation, thus the 

slight decrease in water contact angle. The presence of oxygen following helium APP 

treatment will be confirmed by XPS. 

The large decrease in water contact angle observed for corona treatment compared with 

APP may be due to the oxygen gas present, with corona being carried out in air. The 
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corona had 21 % oxygen in the activating medium, whereas the helium/oxygen and 

helium/air plasmas had only 1 % oxygen or 1 % air, respectively. 

4.3.2 Elemental Composition 

The changes in the chemistry of the surface of the BOPP film were investigated using 

XPS. Unfortunately, it was not possible to obtain detailed compositional information 

from the film manufacturer. However, as would be expected for a polyolefin, the 

survey spectrum showed carbon to be the main element present at the surface of the 

untreated BOPP film (hydrogen is not detectable by XPS), Figure 4-3a. This suggests 

that no surface-active additives were present on the film. A very small amount of 

oxygen (- 1 %) was present in some analyses. This is typical of a hydrocarbon film that 

has been exposed to the atmosphere over time; Rjeb et aP2 investigated the natural 

ageing of polypropylene film, and showed an increase in oxygen concentration against 

time. 

Following corona or plasma treatment, the most abundant elements present were 

identified as carbon (C Is) and oxygen (0 1 s), Figure 4-3b. Where the film was treated 

in an APP generated from helium / air mix, a small quantity of nitrogen (N Is) was also 

detected. Both Guimond et al16 and Strobel et al18 reported no nitrogen incorporation 

into polypropylene following corona treatment. Atomic nitrogen reacts with PP via 

abstraction or scission, and as such results in the formation of nitrogen-containing 

gaseous species, rather than chemically bound nitrogen groups. Comparison of the 

RSF-corrected peak areas (as discussed in Chapter 3: Methods and Materials) enabled 

changes in the elemental composition of the film due to treatment to be identified. 
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Figure 4-3: Survey spectra for polypropylene film a) 'as received' , b) followin g air corona 

treatment 

The amount of oxygen has present at the surface of the film been presented as /1(01 ); 

i.e. the change in oxygen to carbon ratio between the original 'as received ' BOPP film, 

and that of the treated film. Results are presented in this manner to aid comparison 

between polymers. The effect of oxidative treatment of BOPP film may more easi ly be 

compared with similar treatments on oxygen-containing polymer films 10. The ole 

value for the 'as received ' film was 0.004. 

4.3.3 Run-to-run uniformity and repeatability of Heliuml Air APP 

In order to evaluate the run-to-run repeatability of the atmospheric pressure plasma 

treatment, and also the uniformity of treatment across a san1ple, a short designed 

experiment was undertaken. A helium! 1 % air plasma was generated, and the BOPP 

film was treated as described in section 4.2.2, using an input power of 0.4 kW. Five 

pieces were removed from a 50cm length of treated ubstrate, and were analysed by 

XPS. This wiIl provide a measure of the uniformity of the treatment. Additionall y, the 
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same experiment was repeated a further four times to obtain information about the 

reproducibility of the APP treatment. 

~(O/C) 

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 
0.151 0.147 0.140 0.143 0.134 Average 

Treatment 1 0.140 0.139 0.131 0.131 0.130 
0.140 0.142 0.138 0.138 0.138 
0.144 0.142 0.136 0.137 0.134 0.14 ± 0.01 
0.159 

Treatment 2 0.141 
0.136 

Average 0.145 
0.142 

Treatment 3 0.133 
0.137 

Average 0.137 
0.138 

Treatment 4 0.130 
0.121 

Average 0.130 
0.149 

Treatment 5 0.138 
0.139 

Average 0.142 0.140 

Table 4-2: ~(O!C) values, with their averages to 95% confidence for helium! 1 % air APP treated 
polypropylene film 

The average L\(O/C) value for 5 samples within one run was found to be 0.14 ± 7% with 

95% confidence. This represents an oxygen concentration of approximately 12%, and 

indicates the process uniformity and includes the variance arising from the XPS 

measurement. Comparison with the averages from run-to-run variation indicates that all 

runs were within this range. Figure 4-4 presents these values, along with an example 

using of BOPP treated in helium APP using the same energy density, and shows ~(O/C) 

under these conditions, was beyond the range for He/Air treatment. 
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Figure 4-4: Run-to-run variation in /1(O/C) for helium/I % air plasma treated polypropylene film 

4.3.4 Comparison of treatment method on oxygen incorporation 

The methods of treatment under investigation, as mentioned previously were corona 

discharge treatment in air, and atmospheric pressure plasma treatment in helium, helium 

+ I % oxygen or helium + I % air. The initial study involved comparison of the amount 

of oxygen in the surface of the film as measured by XPS following treatment. The 

oxygen concentration of the sample following immersion in water was also 

investigated; these results are presented alongside those for the unwashed samples, but 

are discussed later in the chapter. 

a) Corona discharge treated polypropylene film 

The concentration of oxygen increased monotonically with increasing energy density of 

air corona, Figure 4-5. 
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Figure 4-5: Relative concentration of oxygen (%) of air-corona treated polypropylene film, versus 
corona energy density 

An increase from 0.5% to 15% oxygen was observed over the energy density range 

studied. This represents an increase in I1(O/C) from 0 to 0.18, Figure 4-6 and Table 4-3. 

0.25 
- ~ - Air corona washed 

0.2 )( Ai r corona unwashed 

0.15 

g-
o 0.1 '-" 
<l 

0.05 - ~ - - - ---- - - -- - -
0 

0 5 10 15 20 25 30 

Energy Density (kJm-2
) 

Figure 4-6: 6(O/C) for air-corona treated polypropylene film versus increasing corona energy 

density 
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~(O/C) 

Energy density (kJrn-2) 
90° TOA 90° TOA 

(unwashed) (washed) 
0 0.00 0.00 
3 0.05 0.04 

6.3 0.08 0.08 
8.7 0.09 0.08 
12.3 0.12 0.06 
30 0.18 0.05 

Table 4-3: ~(O/C) for air-corona treated polypropylene film with one pass under the electrode 

b) Helium atmospheric pressure plasma treated polypropylene film 

An increase in /1(O/C) was also observed for BOPP film treated 111 helium APP, 

although the difference between the 'as received' film and film treated at the highest 

power was not as great as that observed after activation by corona discharge, despite the 

use of higher energy densities, Figure 4-7 and Table 4-4. An increase to a maximum of 

~0.08 was observed (equivalent to 8% oxygen) although there was only a slight increase 

with increasing energy density after the initial treatment at 15 kJm-2. 

0.25 ,.--------------------..., 
.. ... He APP washed 

0.2 • He APP unwashed 

U 0.15 

~ 
<l 0.1 

0.05 

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

o---------------------~ 

o 20 40 60 80 100 120 140 

Energy Density (kJm-2) 

Figure 4-7: ~(O/C) of helium APP treated polypropylene film, versus increasing APP energy 
density using one activation zone 
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~(O/C) 

Energy density (kJrn-2
) 

90° TOA 90° TOA 
(unwashed) (washed) 

0 0.00 0.00 
15 0.06 0.08 
30 0.06 0.08 
45 0.08 0.07 
60 0.07 0.10 
150 0.07 0.15 

Table 4-4: 6.(O/C) of helium APP treated polypropylene film with one activation zone 

c) Helium/0 2 atmospheric pressure plasma treated polypropylene film 

In a manner similar to air corona treatment, a monotonic increase in .0.(O/C) for the 

BOPP film activated using helium/02 was observed, Figure 4-8 and Table 4-5. Over the 

150 kJm-2 energy density range, an increase of ~(O/C) from 0 to 0.16 was observed. 

This corresponds to an increase in oxygen concentration to 14%. 

0.25 

0.2 

U 0. 15 

~ 0. 1 

0.05 

- .. - He/02 APP washed 

* He/02 APP unwashed 

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

O ~--------------------------------------~ 
o 20 40 60 80 100 120 140 

Energy Density (kJm-2
) 

Figure 4-8: 6,(O/C) of helium/0 2 APP treated polypropylene film, versus increasing APP energy 
density using one activation zone 
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Ll(O/C) 

Energy density (kJrn-2
) 

90° TOA 90° TOA 
(unwashed) (washed) 

a 0.00 0.00 
15 0.06 0.05 
30 0.08 0.07 
45 0.10 0.08 
60 0.12 0.15 
150 0.16 0.09 

Table 4-5: ~(O/C) of helium/02 APP treated polypropylene film with one activation zone 

d) Helium/air atmospheric pressure plasma treated polypropylene film 

Increasing oxygen concentration with energy density was also observed for 

polypropylene film treated in a helium/air APP, Figure 4-9 and Table 4-6. A small 

increase to 0.01 occurred for treatment at 15 kJm-2, followed by a step increase to 0.1 at 

30 kJm-2, after which the !:J.(O/C) continued to increase approximately linearly. The 

maximum oxygen concentration was 15%. 

0.25 

0.2 

G 0.15 

0 - - --- - - . . 
~ 

<l 0.1 
• .. . lie/Air APP washed 

• He/Air APP unwashed 
0.05 

0 

0 20 40 60 80 100 120 140 

Energy Density (kJrn-2) 

Figure 4-9: ~(O/C) of helium/air APP activated polypropylene film, versus increasing APP energy 

density using one activation zone 

57 



~(O/C) 

Energy density (kJrn-2
) 

90° TOA 90° TOA 
(unwashed) (washed) 

0 0 0 
15 0.01 0.01 
30 0.11 0.07 
45 0.12 0.06 
60 0.13 0.11 
150 0.18 0.13 

Table 4-6: ~(O/C) of helium/a ir APP activated polypropylene film with one activation zone 

e) Comparative summary of .MOIC) of plasma treated polypropylene film 

A comparative summary of the results from the four treatment methods is presented in 

Figure 4-10. 

0.25 -r-------------------------, 
_ He APGO --'-He/02 APGO 

0.20 ---He/Air APGO ~Air corona 

U 0.15 

~ 0.10 

0.05 

0.00 .~:z.... _________________ __l 

o 20 40 60 80 100 120 140 

Energy Density (kJm-2
) 

Figure 4-10: Comparison of ~O/C at the surface of polypropylene film by the various pIa rna 
treatments with one activation zone 

In agreement with the observations made using water contact angle measurements, 

where corona discharge treated BOPP film had the lowest water contact angles, i.e. the 

surface was more hydrophilic, corona discharge treated film had the greatest oxygen 

content. The A(OIC) ratio varied between 0.05 and 0.18 for energy densities between 3 

and 30 kJm-2
• These are of the order measured by Strobel el a/8

, where they found 
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~(O/C) to be between 0.03 and 0.08 for the treatment energy density range 3 to 

17 kJm-2• Similarly, the range of energy densities (7 - 100 kJm-2
) used by Sapieha et 

0123 resulted in ~(O/C) between 0.07 and 0.33 for corona discharge treatment of 

polyethylene. 

Helium APP treatment results in the lowest amount of oxygen incorporation, with a 

maximum ~(O/C) ratio of 0.08 being achieved. Values of ~(O/C) from 0.11 were 

reported by Massines et ailS, although direct comparison between treatment conditions 

were not possible. 

This is the first study to compare the effects of helium/air or helium/oxygen 

atmospheric pressure plasma. However, the increase of ~(O/C) from 0.08 to - 0.17 

with the introduction of an oxidising gas into the helium plasma seems intuitive. 

4.3.5 The effect of washing on oxygen concentration 

Previous work has demonstrated that the oxidised layer generated at the surface of 

BOPP film by various activation methods is partially soluble in polar solvents3
,8,9,lO,18,24. 

This hydrolyticaUy unstable layer may act as a weak boundary layer (WBL), affecting 

adhesion when a coating is deposited on it, whether deposition is via a wet, chemical 

coating process, or a dry, plasma deposition. The presence of this WBL will be 

detrimental to adhesion. Strobel et 0/8 
showed practical adhesion between corona 

discharge treated film and polyamide ink was improved by the presence of low 

molecular weight oxidised material (LMWOM) due its solubility in the ink. However, 

we25 have previously demonstrated a link between the amount of water-soluble oxidised 

material generated on BOPP film by corona treatment, and loss of adhesion between 

said films and a siloxane coating. By minimising the amount of oxygen present in a 
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water-soluble form through optimisation of the corona energy, it was found that 

prolonged adhesive performance could be achieved. 

A comparison of ~(O/C) for corona activated BOPP film following immersion in water 

is presented in Figure 4-6 and Table 4-3. The ~(O/C) value is lower for the washed 

samples at energy densities above 8 kJm-2
• The optimum energy density for corona 

discharge treatment under these conditions lies between 5 and 10 Jm-2
, where the 

optimum is assessed in terms of wash-stable, oxygen-containing surface species. At 

these energy densities, there is the highest concentration of oxygen present in an 

insoluble form, with between 80 and 100% being insoluble. Above this optimum 

treatment level, chain scission and oxidation occurs, leading to the formation of a water

soluble surface layer, where only 28 to 50% of the oxygen is insoluble. 

The trend is much less clear for samples activated in helium APP; at the highest 

discharge energy density of 150 kJm-2
, the ~(O/C)) is significantly higher for the 

immersed film, Figure 4-7 and Table 4-4. This may be explained by the hypothesis that 

long-living peroxy and hydroperoxy species on the surface may react with water. 

Pochan et af6 have proven the existence of hydroperoxy species using gas-phase 

deri vatisation. 

Immersion of BOPP film that had been treated in a helium/oxygen APP using high 

energy density led to a decrease in ~(O/C), Figure 4-8 and Table 4-5, as seen for the 

samples treated using corona discharge. However, the retention of oxygen following 

immersion was better for helium/oxygen treated samples than for corona treated 

samples. The ~(O/C) value was higher for the sample treated in APP, at 30 kJm-2 

~(O/C) was 0.07, compared with 0.05 for corona treated BOPP. The surface generated 
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by helium /oxygen APP is thus detennined to be more hydrolytically stable than corona 

treatment. 

A decrease in !1(O/C) was observed after washing the helium / air activated BOPP, 

Figure 4-8 and Table 4-6. The oxidised surface created by helium / air APP was less 

hydrolytically stable than that generated by helium / oxygen APP. At 30 kJm-
2

, 

although the !1(O/C) values were the same (0.66), the initial oxygen concentration at 

this energy density was higher for the helium / air APP activated sample. This sample 

was, however, more stable than the corona activated BOPP. 

A summary of the !1(O/C) values after washing for the four activation methods is 

presented in Figure 4-11. 
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Figure 4-11: Comparison of the level of oxygen retained on the surface following immer ion of 
polypropylene film after activation by various methods 

The highest level of oxygen retained following immersion was observed for the sample 

activated by helium / oxygen APP at 60 kJm-2
, and by helium APP at 150 kJm-2

. In 

general, a higher concentration of oxygen i retained at higher power densities by the 

APP activations, compared with the corona activation at lower power densities. This 

indicates that the use of atmospheric pressure plasma causes less damage to the surface 
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of the film through chain scission. An example of a stable oxidised surface generated 

by plasma treatment of polypropylene was given by Strobel et aIlS where the effect of a 

flame treatment was compared with that created using corona. In this case, although 

similar levels of oxidation and morphology were obtained using the flame treatment, 

immersion of the sample in water led to no decrease in oxygen concentration or change 

in morphology. Immersion of the corona treated sample led to a decrease in the ~(O/C) 

ratio, with the amount of water soluble material being generated increasing with 

increasing treatment energy density as described previously by O'Hare et aI14
.
25

• It is 

our hypothesis that the absence of atomic oxygen in the helium plasma leads to a 

reduction in chain scission, whereby the oxidised materials generated are of 

intermediate molecular weight, and as such are insoluble in water. Whilst a small 

concentration of molecular oxygen may be present in the plasma by air being drawn into 

the system by the moving web, the main reaction mechanism is the creation of radicals 

and active sites that react with air on removal from the plasma apparatus. This is 

consistent with Strobel's study of flame versus corona treatment l8
• Furthermore, the 

absence of filamentary discharges in the homogeneous APP may also reduce localised 

damage to the surface of the film. 

This hypothesis will be further expanded upon in section 4.3.9, The effect of treatment 

method on surface morphology. 
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4.3.6 Surface Chemistry: Development of a self-consistent protocol for curve
fitting of the carbon (C Is) core level 

In addition to the oxygen concentration of the modified surfaces, XPS can also provide 

chemical state information. In this case, examination of the carbon CIs core level 

allows identification of the functional groups incorporated onto the surface, and enables 

further comparison between the activation methods through a procedure known as 

curve-fitting. 

Here, a number of synthetic peaks are added to the experimental envelope to produce a 

good fit. Through the concept of binding energy shift, a number of different chemical 

environments for carbon can be identified. In addition to providing detailed information 

about the surface, this data can be related to, for example, potential adhesive 

performance of the surface. 

a) 'As received' Polypropylene Film 

The carbon C Is core level from the 'as received' BOPP film was curve-fitted using a 

vibrational progression of synthetic peaks as described by Beamson et al for 

hydrocarbon polymers27
, Figure 4-12a. Here, the asymmetry observed on the high 

binding energy side of the C Is core level, resulting from excitation of C-H stretching 

vibrations during photoionisation, is curve-fitted using a series of synthetic peaks with 

small chemical shifts. A commonly employed internal referencing method: the 

application of a charge correction value to set the most intense synthetic peak to 285.0 

eV28 was employed to compensate for surface charging, which is discussed more fully 

in Chapter 3: Methods and Materials. The full width at half maximum (FWHM) for the 

four peaks was constrained to be equal, as were the binding energy separations and the 

line shape for the four peaks, and showed good agreement with the literature27•28• For 
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clarity, these four peaks were then replaced by a composite model line-shape gen rated 

to represent these four peaks, Figure 4-l2b. This model wi 11 be appl ied to experimental 

data obtained from the corona or atmospheric pressure plasma treated polypropylene. 

The composite line shape will be used to represent only the hydrocarbon component of 

the experimental data. Synthetic peaks with a Gaussian-Lorentizian mix of 70:30 will 

be used to represent the add itional components assigned to oxidised carbon 

functionalities. 

2l Name POS. F\VHlliArea 2l Name POS. F'\VID£'oArea 
C·C 285.00 O. 62.6 C Is 285.00 1.0 100.0 
C.c 285.39 0.7 3003 

II C·C 285. 8 0.7 6.1 
C·C 286.17 O. 1.0 

~Ij 
u 
" ~ 
1 
~ 
~ IO 

I 

1\ 

j ~ 
I O~~~~~~~~~~~~~ 

m 19J 282 m 19J l88 186 284 
80m: Urru (e V) 

Figure 4-12: Curve-fit for carbon (C Is) core level for 'as received' polypropylene film a) using 
vibrational progression of four peaks, b) using model line shape 

b) Corona Discharge Treated Polypropylene Film 

282 

Several peak combinations were possible when applying synthetic peaks to the Is 

core level of corona discharge or atmospheric pressure plasma treated polypropylene. 

For this reason, it was essential to develop a self-consistent and repeatable protocol for 

the curve-fit. The effect of varying the number of synthetic components (representing 

different functiona lities introduced by the treatment), their FWI-IM, and binding energy 
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positions were all examined. With the exception of the component for C-C/C-H, the 

shape of the peaks were constrained to GL(30) with slight asymmetry. 

From a study of the literature on curve fitting of the CIs core level for polyolefins 

oxidised using corona, dielectric barrier discharge, or plasma treatment, four functional 

groups were found to be commonly assigned. Following charge referencing of the most 

abundant, lowest binding energy peak to 285.0 eV (C-C/C-H), functional groups have 

been assigned: alcohol or ether, (C-OX where X = C or H); epoxy, carbonyl (C=O) and 

carboxyl groups (X-O-C=O, where X = C or H). The environments and their most 

commonly referenced binding energy ranges are presented in Table 4_73
,29,30,31,32. 

Assignment Binding Energy Experimental Binding Energy 
Range (eV) Shift (eV) 

Cl C-C/C-H 285.0 X 

C2 C-OX +1.2-1.7 + 1.5 

C3 epoxy + 2.0 +2.2 

C4 C=O + 2.8 - 3.0 +2.9 

C5 X-O-C=O + 3.8 -4.2 + 4.1 

Table 4-7: Functional group assignments and their binding energy ranges (where C-C is corrected 
to 285.0 eV), and experimental binding energy shifts where X=H or C. 

Various curve-fitting procedures have been assessed using a polypropylene film corona 

treated at an energy density of 30 kJm-2
• This spectrum was chosen as it exhibits a well-

defined feature on the high binding energy side of the CIs core level enabling a 

relatively high level of confidence in positioning the C-02X (C5) component. When the 

process was optimised, it was applied consistently to all samples. A measure of the 

goodness of fit (G) for this work will be the "l value divided by the number of degrees 

of freedom. The number of degrees of freedom results from the number of variables 

(e.g. synthetic peak positions applied and can be reduced by applying constraints). 

However, in CasaXPS the i value reported is purely a measure of the number of data 

points used to determine the curve fit. The smaller the resulting number is, the better 
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the fit. However, this measure is only a guide, and more importance will be given to the 

visual examination of the plot of the residuals and an understanding of the chemistry 

involved. 

c) Constraining FWHM and binding energy position 

The first attempt at curve-fitting was using five synthetic peaks, with the FWHM of all 

components constrained to he equal to that of the C-C/C-H (Cl) synthetic peak at 285.0 

eV as described by Alexander et at3
• The FWHM of CI was allowed to vary. The 

shape of the additional synthetic components was maintained throughout all curve-fits; 

with a 70:30 Gaussian:Lorentzian mix, with a slight asymmetry. The binding energies 

were constrained to be equal to the average position from the literature, as presented in 

Table 4-7. The resulting curve-fit is shown in Figure 4-13. 

66 



II~ II~ 
!!1 

POgo F\\1Thl o.irea Name 14 

C·C 23).0 1.~ 81.2 G = 8.6 
1ll :.S C·OR 286.5 1.2 12 
711 Cepoxy 2S-.2 1.2 ~.l 

C=O lr .9 1.2 3.8 
(j) H·O·C--o 289.3 l.l 5.2 

10 

'"' 1/1 
~ II. 

~50 ~ g 

t- ~ 

1«1 
'II 

! ! 6 
! .: 

1I 

~ 

10 

m 282 III ~ 289 288 m 286 28.l 
Binding Energy (eV) 

a b 

Figure 4-13: Curve-fit 1 for C Is core level of polypropylene film trea ted u ing corona discharge at 
an energy density of 30 kJm·2• Synthetic components were constrained in hape and FWHM to be 
equal to that for C-C/C-H synthetic peak. 

It can be seen that this curve-fit does not fit the experimental data well. Displaying the 

data with expanded intensity and binding energy-axes in Figure 4-13b, clearly shows 

the difference between the synthetic peak envelope produced by the curve-fit and the 

experimental data. There is a poor fit at binding energies above the C02X (C5) 

synthetic component and also between this peak and that assigned to C=O (C4). G was 

calculated to be 8.6. 

d) Constraining FWHM and binding energy position and varying the number of 
synthetic components 

In an attempt to obtain a better fit at high binding energies above the C02X synthetic 

component and also between this peak and that assigned to C=O, two additional 

synthetic peaks were used (C6, C7), resulting in an improved G value of 7.7. The 
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FWHM were constrained to be equal to that of C 1, which was allowed to vary. The five 

original peaks remained at the average binding energy positions described previously 
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Figure 4-14: Curve-fit 2 for C Is core level of polypropylene film treated using corona discharge at 
an energy density of 30 kJm-2

• Synthetic component were con trained in po ition and FWHM to 
be equal to that for C-C/C-H synthetic peak. Two additional synthetic peaks were required, with 
binding energy shifts of +3.5 eV, and +4.9 eV. 

The component at 289.9 eV (C7) may be assigned to carbonate species. Boyd el al3 

have demonstrated, using time-of-flight secondary ion mass spectrometry (ToF- 1M ), 

the presence of C03- and HC0 3- in small quantities on the surface of BOPP exposed to 

atmospheric non-equilibrium plasma. The synthetic peak at 288.5e V (C6) has 

previously been assigned to COO- +MetaI34
, in work dealing with XPS of polymer films 

on aluminium substrates. However, since no counter cation was observed in the wide 

area scans, this was not felt to be a valid assignment in this example. 0 other reali tic 

assignment could be made for this component; as such it was removed from the curve-

fitting process. 
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e) Constraining binding energy position and allowing FWHM to vary 

An alternative to the addition of these two peaks is to allow the FWHMs of the five 

original peaks to vary. Their binding energies were constrained to be the average values 

given in Table 4-7, resulting in the curve fit with the best measure of goodness of fit , G 

= 2.8 Figure 4-1 5. This also offered the best visual agreement between the synthetic 

components and the experimental envelope. 

~ Nruue 
ro C-C 

C-OR 
70 Cepo:..~· 

C==O 
ro H-O-C--D 

10 

Pos, FWH1! oArea 
285.0 1.2 ~9.3 

286.5 1.6 SA 
287.2 1.6 2.; 
X 9 1.1 2,9 
289.3 1.6 6'-

a 

1101 

14 G = 2.8 

12 

,~ ~ \ 
10 

,..., 
III 
a. 
~ 8 
~ 
'II 

L / \ .: 
I \ 

/ \ 

m ~ w m m ~ m 
Binding Energy (eV) 

b 

Figure 4-15: Curve-fit 1 for C Is core level of polypropylene film treated using corona discharge at 
an energy density of 30 kJm,2. Synthetic components were constrained in position and FWHM 
allowed to vary to obtain the best fit. 

Few studies using a monochromated Al Ka anode could be found in the literature. 

However, those that were found9
, determined a FWHM for untreated polypropylene 

film close to 1.2 eV, in agreement with that used in Fig 3. However in this manuscript 

by Strobel et ai, the CIs core level was not curve-fitted to determine the funct ionalities 

introduced by corona treatment. Foerch et al 12 reported the linewidth for C-C/C-H of 

untreated polyethylene to be 1.6 eV using a monochromated Al anode, increasing to 
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-2.2 eV following oxygen plasma treatment. Gerenser et aP found the FWHM of C

C/C-H to be 1.8 eV, and that of O-C=O to be 2.2 eV using monochromated Al to 

analyse corona discharge treated polyethylene. This represents a ratio of FWHMcolXI 

FWHMc-c/C-H of 1.22. By comparison, the FWHMcOlXI FWHMc-c/C-H ratio in Figure 

4-15 was 1.33. 

It is recommended that for the majority of synthetic components their FWHM is no 

larger than that of C-C I C-H. The use of high-resolution instruments has shown the 

asymmetry and broadening of the C-C IC-H peak for polyolefins35 resulting from the 

vibrational structure of the polymer. The curve fit for untreated polypropylene film 

using a vibrational progression of four peaks, and its subsequent replacement with a 

model lineshape has been discussed previously in this chapter. Application of the 

modellineshape is used to obtain the FWHM of the C-C I C-H component. Since the 

additional synthetic components have less C-H structure (more oxidised), they should 

not be broader than that of C-C I C-H at 285.0 eV36. In fact, it is often noted that 

synthetic components used to represent carboxyl groups have a resultantly lower 

FWHM due to the absence of any C-H in the functional group35. However, the 

broadening observed in Figure 4-15 may be indicative of the presence of more than one 

functional group in a similar binding energy position. For example, the broadening, and 

slightly high binding energy position, of the C02X peak may indicate the presence ofH

O-C=O, C-O-C=O, O=C-O-C=O, and/or C03. One possible explanation as to why the 

synthetic peak associated with epoxy should be so broad is that is contains a variety of 

environments, although it has not been possible to prove this unambiguously in this 

work. 
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D Constraining FWHM and allowing the synthetic component binding energies to vary 

The final variation when curve-fitting was to constrain the FWHM of the four peaks 

representing oxidised carbon groups to be equal to C I (where FWHMc l was allowed to 

vary) but the binding energy positions of C3 and C5 were allowed to vary to obtain the 

best fit , Figure 4-16. The component representing C-C / C-H was charge referenced to 

285 .0 eV. 
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Figure 4-1 6: C urve-fit 1 for C Is core level of polypropylene film treated using corona discha rge at 
a n energy density of 30 kJ m-1

• T he FWHM of the add itiona l synthetic peaks were con tra ined to be 
eq ua l to that for C-C/C-H syn thetic peak. The binding energy po itions of the synthetic 
components were allowed to vary. 

By allowing the synthetic peak assigned to C02X (C5) to move to 289.5 eV, and that 

assigned to C=O (C3) to move to 288.2 eV, the measure of goodness of fit, G = 4.0, and 

visually the fit is good. A binding energy of289.5 and 289.6 eV for C02X was reported 

by Briggs36 and Borcia37
, respectively, for corona discharge treatment in air, whilst 

Watts et af reported a alue of 288.2 eV for the carboxylic ester component of 

poly(methylmethacrylate) d posited onto aluminium and sil icon38
. However, this 

increase in binding energy for C=O was caused by the interaction between hydroxide 
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ions of an inorganic surface with an organic polymer. This effect may be noted for 

corona treated polymer surfaces where increasing concentrations of functional groups 

may allow similar interactions. 

g) Summary of development of CIs curve-fitting protocol 

Two curve-fit methodologies have been found to be most relevant. By restraining 

binding energy positions, whilst allowing the FWHM to vary, or by restraining the 

FWHM, whilst allowing the binding energy positions of C4 (C=O) and C5 (C02X) to 

vary up to +0.3 eV. Valid arguments can be made for either of the two methods. 

Through a combination of visual examination and goodness offit values, the curve-fit to 

be used for the remainder of this work, is that where the number of peaks and their 

FWHM were constrained. Peaks were assigned to represent C-C, C-OR, epoxy C=O 

and C02X. The binding energy of the synthetic component representing C=O would be 

allowed to vary within reasonable limits. An additional synthetic peak representing 

C03 was added to allow the binding energy of C02X to be maintained within the typical 

values described in the literature 
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4.3.7 Su rfacc Chemistry: Influencc of trcatmcnt method 

a) Curve-fitting of the C Is core level for corona discharge treated EOPP film 

The full dataset for corona discharge treated polypropylene film is presented in Figure 

4-17. The FWHM was constrained, while the binding energy positions of C3 and C5 

were allowed to vary up to +0.2 eV. The C-C / C-H component was referenced to 

285.0 eV. 
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Figure 4-17: XPS curve fit for the carbon (C 1 ) core level of polypropylene film activated 1I ing air 
corona with energy density a) 3 kJm,2, b) 6.3 kJm,2, c) 8.7 kJm,2, d) 12.3 kJm,2, e) 30 kJm,2 
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It is clear that with increasing corona energy den ity, the inten ity of the shoulder on the 

high binding energy side of the core level increases. By curve-fitt ing using the 

previously discussed method, the concentration of each incorporated funct ional group 

can be monitored. The relative concentrations are presented in Table 4-8, and Figure 

4-18. 

Energy Density Relative Concentration (%) 
G 

(kJrn-2) C-C C-Ox C CPoxv C=O x-O-C=O C 0 3 

0.0 100.0 0.0 0.0 0.0 0.0 0.0 

3.0 96.2 1.9 0.6 0.6 0.2 0.3 1.1 

6 .3 92.5 2.7 1.5 1.5 0 .8 1.0 1.1 

8.7 91.1 3.3 1.6 1.9 0.9 1.1 1.6 

12.3 88 .8 3.6 2.2 2.4 1.3 1.7 1.4 

30.0 80.0 7.1 3.3 4.5 1.9 3.3 3.0 

T a ble 4-8: Rela tive concentra tion of functional group incorpora ted into polypropylene film by 
co rona discha rge treatment in a ir 
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Figure 4-1 8 : Rela tive concentra tion of functiona l group inco rpora ted into polypropylene film by 
co ro na discharge treat ment in a ir 

The relative areas of the synthetic peaks representing oxidised funct ional groups varied 

with corona energy density. With the exception of a sl ightly higher concentration of C-

ox groupS at lower energy densities, each functional group increased with energy 

density at a similar rate. 
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b) Curve-fitting for the C 1 s core level of helium plasma treated BOPP film 

The full dataset for helium APP treated polypropylene film is presented in Figure 4-19. 

The FWHM was constrained to be equal to that of the synthetic peak for C-C/ -H, 

while the binding energy positions of C3 and C5 were allowed to vary up to +0.2 eV. 

Charge referencing was again carried out to set the C-C / C-H component to 285.0 eV. 
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Figure 4-19: XPS curve fit for the carbon (C Is) core level of polypropylene film activated u ing 
helium APP with energy density a) 15 kJm-2, b) 30 kJm-2

, c) 45 kJm-2, d) 60 kJm-2
, e) 150 kJm-2 
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The G values for the curve fits of helium plasma treated BOPP film were slightly higher 

than those for the corona treated films , with the exception of at the highest energy 

density, where the G values were similar. However, the visual fit was good in all cases. 

The relative concentrations of the functional groups are presented versus power den ity 

in Table 4-9 and Figure 4-20. 

Energy Density Relative Concentration (%) 
G 

(kJrn-2
) C-C C-OX CeoOXY C=O X-O-C=O C03 

0.0 100.0 0.0 0.0 0.0 0.0 0.0 
15.0 95.l 2.8 0.4 l.0 0.4 0.2 2.2 
30.0 93.7 3.6 1.1 0.9 0.6 0.1 3.1 
45.0 91.2 5.8 1.0 1.4 0.4 0.1 2.4 
60.0 92.2 5.0 1.1 1.1 0.3 0.3 4.0 
150.0 91.6 5.5 1.1 1.4 0.2 0.2 5.0 

Table 4-9: Relative concentration of functional groups incorporated into polypropylene film by 
atmospheric pressure plasma treatment in helium 
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Figure 4-20: Relative concentration of ~uneti.onal groups incorporated into polypropylene film by 
atmospheric pressure plasma treatment In helium 

A different trend was noted, when comparing with the results from corona treatment. 

For helium APP, with increasing power, the intensity of the peak assigned to C-OX is 

much greater than any other functional group. The least abundant is C02X, which 

remains relatively constant, independent of energy density. 
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c) Curve-fitting of the C Is core level for heliumll % oxygen plasma treated BOPP film 

Similarly, small values of G, representative of the goodness of fit, were ach ieved for the 

curve-fitting of polypropylene treated in helium/oxygen plasma, Figure 4-21. 
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Figure 4-21: XPS curve fit for the carbon (C Is) core level of polypropylene film activated using 
helium/ I % oxygen APP with energy density a) IS kJm-

2
, b) 30 kJm-2, c) 45 kJm-2, d) 60 kJm-2

, e) 

ISO kJm-2 

Whereas all G values had been of the order of ~ 3 or less, the curve fit of BOPP treated 

in a helium/oxygen plasma at 15 kJm-2 resulted in a G value of 5.2. Although 
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considerably higher, visual examination of the curve fit confi rms that the synthetic 

components follow the experimental data well. 

As before, the functional groups were monitored with increasing energy density, Table 

4-10 and Figure 4-22. 

Energy Density Relative Concentration (%) 
G 

(kJrn-2) C-C C-Ox CCPOXY C=O x-O-C=O C03 

0.0 100.0 0.0 0.0 0.0 0.0 0.0 
15.0 92.5 4.2 1.0 1.0 0.8 0.6 5. 1 
30.0 92.4 2.9 1.8 1.3 1.0 0.7 1.9 
45.0 89.6 3.7 2.2 1.8 1.7 0.9 2.5 
60.0 86.7 4.8 2.6 2.5 2.6 0.9 1.7 
150.0 82.6 5.0 4.2 3.0 2.8 2.5 2.9 

Table 4-10: Relative concentration of functional groups incorporated into polypropylene film by 
atmospheric pressure plasma treatment in helium/ I % oxygen 
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Figure 4-22: Relative concentration of functional groups incorporated into polypropylene film by 
atmospheric pressure plasma treatment in helium/ l % oxygen 

As for helium plasma treatment, a considerable difference was observed between the 

concentration of C-OX species, compared with the other functional groups when the 

lowest energy density was used. However, the intensity of the remaining groups, C-O-

0' , C=O and C02X also increased with increasing energy density, in a sim ilar fashion to 
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the trend observed following corona treatment. At the highest energy den ity, ISO kJm-

2, the concentration of all functional groups is similar. 

d) Curve-fitting of the C Is core level of helium 11 % air plasma treated B PP film 

The curve-fits for the C Is core level for heliumJl % air APP treated polypropylene film 

are presented in Figure 4-23 . 
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Figure 4-23: XPS curve fit for the carbon (C Is) core level of polypropylene film activated u in g 
helium/I % air APP with energy density a) IS kJnf2, b) 30 kJm,2, c) 45 kJm-2, d) 60 kJm-2, e) ISO 

kJm-2 
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Table 4-11 and Figure 4-24 present the relative concentration of funct ional groups 

determined from the curve-fitting procedure. 

Energy Density Relative Concentration (%) 
G 

(kJrn-2
) C-C C-Ox CeDoxv C=O x-O-C=O CO] 

0.0 100.0 0.0 0.0 0.0 0.0 0.0 

15.0 99.0 0.3 0.2 0.4 0.1 0.0 2.2 

30.0 89.8 4.1 2.1 1.7 1.8 0.4 2.8 

45 .0 88 .3 4.9 2.1 2.2 1.8 0.8 2.6 

60.0 87.0 5.1 2.6 2.3 2.6 0.4 2.8 

150.0 82.6 6.8 3.2 3.5 3.6 0.5 2 .9 

Table 4-11: Relative concentration of functional g roup incorporated into polypropylene film by 
a tmospheric pressure pIa ma treatment in helium/ I % air 
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Figure 4-24: Rela tive concentration of functional group incorporated into polypropylene film by 
a tmospheric pressure plasma treatment in helium/ I % air 

At the lowest energy density, 15 kJm-
2

, very little oxygen was incorporated into th 

surface of the film by heliumll % air plasma treatment. This is reflected in the very 

small concentrations for each functional group. No CO) was detected using this energy 

density. Increasing the energy density led to a large increase in the concentration of all 

functional groups, but again, C-OX was the most abundant. 
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e) Summary of effect of treatment method on surface chemistry 

The functional groups incorporated into the surface of the polypropylene film following 

each of the treatment methods were found to be the same: C-OX (where X = H or C), C-

0-0·, C=O and C02X (where X = H or C). However, their intensities varied between 

polypropylene films treated using corona discharge or atmospheric pressure plasma. 

For corona treated BOPP, all functional groups were introduced in similar 

concentrations under the conditions used. For helium, helium/oxygen or helium/air 

atmospheric pressure plasmas, a significant difference was always observed between C

OX and the other functionalities. For the atmospheric pressure plasma treatments, this 

difference was most clearly observed for helium. Here, the concentration of C-OX 

groups was much higher than for any other functionality. 

This observation is most likely due to the different reaction mechanisms by which the 

oxidation occurs. In corona treatment, the majority of oxygen is incorporated into the 

surface of the substrate by the reactions of ozone and oxygen radicals l8
• Oxidation 

following helium APP results from the generation of active sites on the substrates by 

UV and free radicals in the plasma. This is more likely to result in a larger 

concentration of alcohol and ether groups than more highly oxidised species in helium 

APP treated polypropylene. For helium/oxygen and helium/air plasma the reaction of 

ozone and oxygen radicals becomes more apparent, with the additional functionalities 

increasing in concentration towards that of C-OX, although not to the same extent as 

observed following corona treatment. 
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4.3.8 Surface Stability: Effect of treatment method 

As discussed in section 4.3.5, the generation of a water soluble layer at the surface of 

polypropylene film treated using corona discharge (commonly referred to as low-

molecular-weight-oxidised-material - LMWOM) has been documented by several 

researchers8,14,16. The reduction in ~(O/C) caused by immersion in water was noted 

previously for both corona and atmospheric pressure plasma treated BOPP. The 

following section discusses how the surface chemistry changes following immersion, 

and the effect of the treatment method on the stability of the modified surface 

a) Surface chemistry of corona discharge treated BOPP film - immersed samples 

The curve-fitting protocol described previously was also used to elucidate the chemistry 

of the corona discharge treated polypropylene film following immersion in water. 

Synthetic peaks representing the same functional groups were required to obtain a good 

fit to the experimental data, although their intensities varied following the immersion 

process, in agreement with the results of Gerenser et af and previous work by O'Hare 

[14 et a . 

As noted in section 4.3.5, immersion of corona discharge treated polypropylene film 

resulted in a slight decrease in ~(O/C) for samples treated using an energy density of 0 

_ 10 kJm-2• At energy densities greater than this, a much larger decrease in ~(O/C) was 

observed. This was reinforced by the curve-fitting data; at low energy densities, very 

little change in the concentration of the functional groups were observed, whereas at 

higher power densities, the decrease in the shoulder on the high binding energy side of 

the C Is core level (and hence in the concentration of oxidised functionalities) was 

apparent. The concentrations of the functional groups following immersion are 

presented in Table 4-12, and Figure 4-25. By comparison with Table 4-8, for the 

samples prior to water immersion, it is noted that the functional groups that change least 
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are C-OX and C-O-O' , for low power density treatment. At power densities above 10 

kJm-2, the concentration of all functional groups decreased on washing, although - X 

remains most abundant. 

Energy Density Relative Concentration (%) 
G 

(kJm-2) c-c C-OX CCDOXV C=O X-O-C=O C03 

0.0 100.0 0.0 0.0 0.0 0.0 0.0 

15.0 97.2 1.7 0.3 0.4 0.2 0.1 1.3 

30.0 94.9 3.0 0.3 1.0 0.7 0.1 3.6 

45 .0 95.4 2.3 0.9 0.8 0.5 0.1 4.3 

60.0 96.2 1.9 0.8 0.6 0.4 0.1 2.5 

150.0 95 .5 2.0 0.9 0.9 0.6 0.1 2.0 

Table 4-12: Rela tive concentra tion of functional g roup incorporated into polypropylene Jilm by 
corona discha rge trea tment in ai r. Sample imme rsed in water for 10 econd prior to a na ly i 
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Figure 4-25: Relative concentration of functional group incorporated into polypropylene film by 
corona discharge trea tment in air. Sample immersed in water for 10 econds prior to a nalys i 
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b) Surface chemistry of helium plasma treated BOPP film - immersed samples 

There was little change in the concentration of functional groups following immersion, 

except at the highest energy density treatment, where the C-OX concentration increased 

somewhat. The data presented in Table 4-13 and Figure 4-26 indicate that the surface 

generated by helium atmospheric pressure plasma, whilst not being as high ly oxidised 

as that generated by corona, is very stable to water immersion. 

Energy Density Relative Concentration (%) 
G 

(kJrn-2
) C-C C-Ox Ccnoxv c=o X-O-C=O C03 

0.0 100.0 0.0 0.0 0.0 0.0 0.0 
15.0 93.1 4.0 1.2 0.9 0.5 0.4 2.0 
30.0 92.9 4.9 1.2 0.5 0.3 0.2 2.3 
45.0 93.9 3.9 1.2 0.4 0.3 0.2 2.4 
60.0 92.4 4.8 1.3 0.8 0.5 0.2 3.1 
150.0 89.9 6.8 1.6 0.9 0.5 0.3 5.5 

Table 4-13: Relative concentration of functional groups incorporated into polypropylene film by 
atmospheric pressure plasma treatment in helium. Samples immersed in water for 10 seconds 
prior to analysis 
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Figure 4-26: Relative concentration of fu.nction.al groups incor~orated in~o polypropylene film by 
atmospheric pressure plasma treatment III helium. Samples Immersed III water for 10 seconds 

prior to analysis 
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c) Surface chemistry ofheliumll % O2 plasma treated BOPP film - immersed amples 

A reduction in the concentration of oxidised carbon functional groups was observed 

following immersion in water. C-OX remained the most abundant species, although the 

relative concentration was not as high compared to the other functional groups, as was 

observed for corona treated, or helium APP treated polypropylene film. The data 

obtained from curve-fitting is presented in Table 4-14 and Figure 4-27. 

Energy Density Relative Concentration (%) 
G 

(kJm-2
) C-C C-Ox Ceooxv c=o x-O-C=O COJ 

0.0 100.0 0.0 0.0 0.0 0.0 0.0 
15.0 96.2 1.6 1.2 0.5 0.3 0.2 2.0 
30.0 95.1 2.4 1.2 0.5 0.5 0.3 2.4 

45 .0 94.3 2.7 1.5 0.7 0.5 0.3 1.8 

60.0 94.7 1.8 1.5 0.8 0.9 0.3 4.3 

150.0 94.0 2.1 1.4 1.1 l.1 0.3 2.8 

Table 4-14: Relative concentration of functional groups incorporated into polypropylene film by 
atmospheric pressure plasma treatment in helium/l % oxygen. Samples immersed in water for 10 

seconds prior to analysis 
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Figure 4-27: Relative concentration of functional groups incorporated into polypropylene film by 
atmospheric pressure plasma treatment in helium/t % oxygen. Samples immer ed in water for 10 

seconds prior to analysis 
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d) Surface chemi stry ofheliuml1 % air plasma treated BOPP film - immersed samples 

The curve-fits for the helium/air plasma treated polypropylene following immersion 

follow the same trend as observed prior to immersion. The most abundant group is 

OX, with the other functionalities having similar concentrations. A decrease 111 

concentration of all functional groups was observed followin g immersion, as presented 

in Table 4-15 and Figure 4-28 . 

Energy Density Relative Concentration (%) 
G 

(kJrn·2
) C-C C-Ox CCPoxv C=O x-O-C=O C0 3 

0.0 100.0 0.0 0.0 0.0 0.0 0.0 

15.0 98 .5 0.7 0.1 0.5 0.3 0.0 3.2 

30.0 94.6 3.3 0.2 1.0 0.8 0.0 2.2 

45 .0 94.7 3.1 0.2 1.2 0.8 0.3 1.9 

60.0 92.5 4.4 0.3 1.7 0.8 0.3 3.0 

150.0 89.3 5.8 0.8 2.7 1.2 0.3 2.0 

Table 4-15: Relative concentration of functional g roups incorporated into polypropylene IiIm by 
atmospheric pressure plasma treatment in helium/l % air. Samples immcr ed in watel' for 10 
seconds prior to ana lysis 
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Figure 4-28: Relative concentration of functional groups incorporated into polypropylene film by 
atmospheric pressure plasma treatment in helium/t % air, Samples immer ed in water for 10 

seconds prior to analysis 
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e) Summary of the effect of treatment conditions on surface hydrolytic stability 

The stability of the modified layer was easily evaluated by the changes in the surface 

chemistry following immersion in water. The most apparent change was noted for 

corona treated polypropylene film, which showed the greatest percentage reduction in 

both ~(O/C) and in oxidised carbon functional groups. The amount of water-soluble 

materials was lowest for helium APP treated polypropylene films. Helium/oxygen and 

helium/air treated polypropylene films had intermediate amounts of water-soluble 

material present. 
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4.3.9 The effect of treatment method on surface morphology 

The surface morphology of polypropylene film is well documented39
, and Figure 4-29 

clearly shows the defined fibrillar structure often commented upon. In the enhanced 

contrast phase image, the biaxial orientation of the crystalline lamellae of the 

polypropylene film, as observed by Boyd ef al.
3 is apparent. 

u .. 

Figure 4-29: I ~m AFM images left: height, right: phase of 'as received' polypropylene film. Light 
to dark corresponds to 20nm on height scale and 150 on phase scale 

No evidence of the spherulitic structure of crystalline BOpp40,4 1 was observed, Figure 

4-30, but the observation of spherulites is very dependent on the specific nature of the 

film, e.g. the degree of crystallinity, molecular weight, polydispersity and processing 

conditions. Furthermore, in cases where spherulites have been observed, the analyses 

have tended to be carried out on microtomed samples, whereas in this work, it was the 

surface of an untreated, unwashed film that was analysed. 
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u .. u .. 

Figure 4-30: Sflm AFM images left: height, right: phase of 'as received' polypropylene film. Light 
to dark corre ponds to 30nm on height cale and 15° on phase scale 

Clear changes in the morphology occur following corona di scharg treatment, Figure 

4-31. Globular features became apparent, and are generally accepted as occurring du 

to the formation oflow molecular weight oxidised material on the surface3
,8, 14, 18. 

u .. u .. 

Figure 4-31: 1 flm AFM images left: height, right: pha e of polypropylene film corona discharge 
treated at 6 kJm 2• Light to da rk correspond to 20nm on height cale and 15° on pha e cale COT 
= 6 kJm'2 

When the corona energy density during treatment is increased fu rther, a di ffe rent 

morphology was observed. In this case, as presented in Figure 4-32, the height image 

(left) a fibrillar structure is observed. However, while the data scale for the height 

image was maintained at 30 nrn, the area of the image is 5 x 5 /-l1TI . The hypothesi is 
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that ablation of the amorphous regions39 of the film is occurring at high power density. 

This point is reinforced by the infom1ation from the phase image (right). The data scale 

here is only 3°, compared with previous images where the data scale was 15°. This 

indicates that there is very little chemical or viscoelastic heterogeneity on the fi lm. Any 

variations seen here appear to relate purely to topographic features . The remaining 

structure relates to a film that has been uniformly modified, both from a chemical and 

physical point of view. 

u .. 

Figu re 4-32: 5J.Lm AFM images left: height, right: phase of polyp ropylene fil m co rona trea ted a t 15 
kJ m-2• Light to dark corresponds to 300m on height sca le and 3° on pha e scale 

When the energy density was maintained at 15 kJm-
2

, but the method of fi lm treatment 

used was helium APP, the fibrillar structure occurring following corona discharge 

treatment was not observed. In the 5 x 5 Ilm images in Figure 4-33 both the height and 

phase images have a grainy appearance. The data scale for the phase image was 

returned to 15°, indicating a greater variation in chemistry fo llowing helium APP. 
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DO 

u .. 

Figure 4-33: 5~m AFM images left: height, right: phase of polypropylene IiIm treated at 15 kJm-2 

in helium atmospheric pressure plasma. Light to dark corresponds to 30nm on height calc and 15° 
on phase sca le 

When the image size was reduced to 1 x 1 J,.lm-2 scale, the reason fo r the gramy 

morphology becomes apparent, Figure 4-34. The globular features caused by oxidation 

and chain scission are clearly present. 

".0.15 
o 0.25 D. SD 0.75 

" .. u .. 

Figure 4-34: t~m AFM im ages left: height, right: phase of polypropylene IiIm treated at 15 kJm-2 

in helium atmospheric pressure plasma. Light to dark corresponds to 20nm on height scale and 15° 
on phase scale 

However, as discussed in Table 4-4, which presents the fl(O/C) on helium APP treated 

polypropylene before and after immersion in water, no water soluble material is 

generated by helium plasma treatment. As such, it is proposed that the globular 

materials observed in Figure 4-34 are due to agglomeration of oxidised materials of 
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higher molecular weight, which are not water soluble, as described by Strobel ef af in 

their paper on flame treatment of polypropylene film 18. They noted no reduction in 

oxygen concentration or change in morphology fo llowing immersion of flame-treated 

BOPP. The limited chain scission following flan1e treatments is explained by the 

absence of atomic oxygen in the flame; the oxidation proceeds instead via reaction with 

hydroxyl radicals. By comparison, although a simi lar morphology was observed 

fo llowing corona treatment, the surface layer was found to be water so luble. Following 

immersion, although the structure did not appear identical to that of the untreated film , 

the globular features previously observed have been removed, Figure 4-35. This 

supports the observations made by XPS, whereby the oxygen content did not return to 

that of the untreated film following immersion, but reached a finite value. Also noted is 

the appearance of two crevices of - 200 nm in length. It is surmised that these are 

damaged areas caused by localised arcs in the corona. It is only following removal of 

the LMWOM that these features were visible. 

11M 

Figure 4-35: 'Ilm AFM phase image of polypropylene film corona discharge treated at 6 kJm-2 

then imm ersed in water. Light to dark corresponds to 15° on phase scale 
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A very similar morphology is observed following treatment in helium atmospheric 

pressure plasma containing 1 % oxygen, Figure 4-36. In this case, however, the globular 

features are slightly bigger than those formed in helium plasma. Examination of the 5 x 

5 ~m images, Figure 4-37, where the topographical features are more apparent than 

those for helium plasma treated polypropylene film. 

Figure 4-36: IJ.1m AFM images left: height, right: phase of polypropylene film treated at 15 kJm-2 

in helium/ I % oxygen atmospheric pressure plasma. Light to dark corresponds to 20nm on height 

scale and 15° on phase scale 

A very small amount of LMWOM was generated using these treatment condition , 

Table 4-5. By comparison, no LMWOM was created using helium plasma. The 

oxygen present in the plasma here led to the format ion of shorter, oxidised chain 

fragments that were more mobile, and thus more easily able to agglomerate, leading to 

the larger globular features in the AFM images. 
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"H 
Figure 4-37: 1 ~m AFM images left: height, right: phase of polypropylene film treated at 15 kJm-2 

in helium/ I % oxygen atmospheric pressure plasma. Light to dark corresponds to 30l1m 011 height 

scale and 15° on phase scale 

The presence of oxygen also explains the greater damage caused to the film following 

corona treatment, even with the use of the same energy density of 15 kJm-2 . ]n the 

corona treated samples, there was 21 % oxygen during treatment, compared with - 1 % 

during APP. This also explains the greater level of oxidation achieved for imilar 

energy densities using corona, Figure 4-10. Furthermore, a greater d al of locali sed 

damage to the film during corona treatment is caused by the filamentary nature of the 

discharge. These may be exemplified by creating a filamentary discharge in the 

atmospheric pressure plasma apparatus by increasing the oxygen concentration to 10% 

in the helium plasma. Figure 4-38 clearly indicates the damage to the film caused by 

aggressive treatment conditions. Large variations in the height image demonstrate the 

formation of l).lm sized crevices and mounds. However, as observed for the corona 

treated sample, the lack of variation in the phase image indicates a more homogeneous 

chemistry-
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Figure 4-38: 51lm A FM images left: height, right: phase of polypropylene film treated at 15 kJm'2 
in helium/ 10% oxygen atmospheric pressure plasma. Light to dark correspond to 30nm on height 

scale and 15° on phase scale 
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4.4 CONCLUSIONS 

The effect of corona discharge and helium, helium/oxygen and helium air atmospheric 

pressure plasma on the surface energy, surface chemistry and surface morphology of 

polypropylene film have been compared for the first time. It is our hypothesis that the 

use of APPs lead to more uniform, and less damaging treatment of the substrate. 

A decrease in water contact angle was observed following corona or atmospheric 

pressure plasma treatment of the polypropylene surface. As expected, this was due to 

incorporation of oxygen at the surface of the film. The amount of oxygen incorporated 

was presented as ~(o/C), to enable future comparison between other polymer 

substrates. 

~(o/C) increased with energy density for all treatment methods. Corona treatment led 

to the largest increase in ~(o/C), followed by helium/air and helium/oxygen. At power 

densities below 60 kJm-2
, all helium/oxygen and helium APP treatments resulted in 

similar oxygen uptakes. Helium APP resulted in a lower ~(O/C) at higher energy 

densities. These trends were reflected by the water contact angle measurements. 

Further information about the surface chemistry was obtained by carrying out curve

fitting of the carbon (C Is) core level. A consistent curve-fitting protocol was 

developed, described, and applied to all high-resolution carbon spectra. The functional 

groups observed on the surface of polypropylene film following either treatment by 

corona discharge in air or helium, helium/I % oxygen or helium/ I % air plasma 

treatment have been assigned as C-OX (where X = H or C), Cepoxy, C=O, C02X (where 

X = H, C or O-C=O) and C03. 
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All functional groups were present following each treatment, independent of energy 

density, with the exception being helium/air treatment at the lowest energy density. The 

relative intensity of each of the synthetic peaks associated with each functional group 

varies depending on both the method of treatment, and the energy density used. 

The same functional groups were present following immersion in water, although their 

relative concentrations tended to vary. The modified surface generated by helium 

plasma treatment of polypropylene film was the most stable, whilst the corona discharge 

treated polypropylene surface was most water soluble. This has been explained by the 

higher oxygen gas concentration present during corona discharge treatment. The 

presence of atomic oxygen during this type of treatment leads to far higher rates of 

chain scission, and the generation of low molecular weight oxidised materials 

(LMWOM). 

The existence of LMWOM has been confirmed using atomic force microscopy, where 

globular features are shown to represent the agglomeration of such materials. Removal 

of these features following immersion of the samples in water has been confirmed. The 

damage caused by the filamentary nature of the corona has also been demonstrated. 
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CHAPTERS 

DEVELOPMENT OF A METHODOLOGY 
FOR XPS CURVE-FITTING OF THE 

o IS, C IS AND SI 2P CORE LEVELS OF SILOXANE 
MATERIALS 
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5.1 INTRODUCTION 

In a manner analogous to the chemical shift in NMR, an electron binding energy shift in 

XPS can be used to identify the atoms attached to an atom under investigation. (Of 

course, XPS has the added benefit of analysing only the surface of a material.) 

Identification of chemical environment can be relatively straightforward for carbon, 

since the C Is core level often has clearly defined features. However, in the case of 

silicon, the range of siloxy chemical environments often make it difficult to resolve 

distinct features by curve fitting the Si 2p core level. In addition, the binding energy 

shift for the substitution of each methyl group with an oxygen atom (Le. each new Si-O 

group) is estimated at 0.65 eV. By comparison, the effect of each additional C-O bond 

is to increase the binding energy shift by 1.5 eV. As such, it is difficult to obtain 

detailed information about the chemical environment of silicon atoms in a material of 

unknown composition. However, it is usually possible to distinguish silicon in 

'organic'- silicone polymers from 'inorganic'- silicate, forms1.2. 

A procedure for obtaining reliable binding energies for the various chemical states of 

silicon has been described in the literature
3

,4. Curve-fitting of the Si 2p core level 

acquired from silicon oxides (siloxy units) typically fits the peak using four 

components, with an increase in binding energy for the replacement of each methyl 

group by an additional oxygen atom5
• A useful notation and abbreviation of complex 

silicone structures takes advantage of the number of oxygen atoms around the silicon 

atom in a siloxy unit6
• This notation uses the letters M (mono), 0 (di), T (tri) and Q 

(quaternary) to represent siloxy units where the silicon atom is linked to one 

[(CH3)3SiOII2], two [(CH3)2Si0212], three [(CH3)Si0312], or four [Si04/2] oxygen atoms, 

respectively, Scheme 5-1. Fractions are used in this notation to take into account an 

equal share of an oxygen atom with adjacent siloxy monomeric units. 
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M D T Q 

Scheme 5-1: Representations of the various siloxy units encountered in polysiloxanes 

Alexander et at have fitted one synthetic peak for each of the M, D, T and Q 

components of a film obtained by plasma deposition of hexamethyldisiloxane. In their 

work, the positions of D, (polydimethylsiloxane, PDMS) and Q (quartz) units were 

known. The positions of M and T were estimated to be shifted by one-half of the 

distance between D and Q, with full width at half maximum (FWHM) constrained to be 

equal. Similarly, Hillborg et aF resolved the Si 2p peak into D, T and Q components, 

although in this work the FWHM does not appear to have been constrained, nor is it 

possible to determine peak positions from the data provided in the publication. 

Roualdes et al8 have used a fifth component (representing SiC4) in curve-fitting the Si 

2p core level of polysiloxane deposits formed using 'soft plasma polymerisation' of 

octamethyltrisiloxane, where a low energy per unit mass of monomer condition IS 

employed. 

Curve-fitting the Si 2p core level is further complicated by the presence of two signals 

for each chemical state, whereas carbon has only one. In Si 2p, these are associated 

with Si 2p3/2 and Si 2pl12 electron spin states. Beamson and Briggs3 have fitted a 

. h S· 2 312 d S· 2 112 1· . 1 doublet (representmg tel p an 1 p e ectromc states) to the Sl 2p core evel 
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obtained from analysis of PDMS and polymethylphenylsiloxane (PMPS) 0 siloxy units. 

However, no literature was found that described fitting both the Si 2p3/2 and Si 2pl/2 

spins to a system containing all the M, D, T and Q components. 

This chapter includes and expands upon work described in a short communication9
, and 

describes further development of previous work through the analysis of siloxane 

compounds, which model complex polysiloxane systems. The Si 2p curve-fits of data 

from such materials may then be used to determine the surface chemical composition of 

a high molecular weight homopolymer, and two methylated orthosilicate resins of 

different chemical compositions. Comparing the surface chemistry with the bulk 

composition, determined by 29Si NMR spectroscopy, will be used to check the validity 

of the method. The binding energy positions determined by this method will then be 

applied to Si 2p curve-fits obtained for siloxanes prepared by atmospheric pressure 

plasma liquid deposition in Chapter 6. 
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5.2 EXPERIMENTAL 

5.2.1 X-ray Photoelectron Spectroscopy 

XPS was carried out on a Kratos Analytical Axis Ultra photoelectron spectrometer. The 

instrument is equipped with a spherical mirror analyser (165 mm mean radi us liSA). an 

integral automatic charge neutraliser and a magnetic lens. A monochromated Al Ka X-

ray source was used at a nominal power of 300 W to record spectra at normal emission. 

Survey spectra were captured using a pass energy of 160 eV, and core levels were 

captured at 20 eVe Typical acquisition time for the Si 2p core level was 3.6 minutes. 

All of the samples under consideration required charge compensation using the default 

settings for polymeric materials. 

The use of i values, or RMS figure of merit may be used as a measure of goodness of 

fit of XPS data. However, these mathematical procedures do not take into account the 

operator's understanding of the chemistry of the system. For this reason, the quality of 

the curve-fit was determined by both examination of a plot of the residuals (a measure 

of the difference between the experimental envelope and the shape of the synthetic 

peaks), a goodness of fit parameter G (i / number of degrees of freedom), and the eye 

10 of the analyst . 

5.2.2 Model Compounds 

A high molecular weight polydimethylsiloxane (PDMS) linear homopolymer (Dow 

Coming SGM-36®) was used as the standard reference material for the D siloxy unit. 

This gum was analysed as received without purification or further treatment. 

Methylated orthosilicate resins of chemical structures Do. wDoHo.12-T 0.74 (DT Resin) and 

M0.47-ToHo. w Qo.38, (MQ resin) as determined by 29Si NMR, were also analysed. DOlI 
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and TOH respectively, represent D and T units where a methyl group has been replaced 

by a hydroxyl group. The siloxane resin samples were prepared by spin coating from a 

xylene solution of each compound onto a silicon wafer (DT resin - 30 % w/w; MQ resin 

_ 50 % w/w). Spin coating was carried out on a Model P6700 spin coater (Speciality 

Coating Systems, Indianapolis, USA), for 30 seconds at approximately 2000 rpm. This 

provided a resin coating of approximately 400 /-lm thickness, ensuring that the signal 

from the silicon wafer did not interfere with the XPS analysis of the siloxane resin. 

5.2.3 Complex polysiloxane systems 

Two commercial polysiloxane materials (approximately 25 /-lm thick) were spin-coated 

onto silicon wafer from mesitylene (trimethylbenzene) at 1500 rpm for 30 seconds. The 

coatings then underwent a soft bake at 110°C for 2 minutes, followed by a full cure at 

250°C for 30 minutes to remove any residual solvent. Polysiloxane' A' contained more 

polymeric (D) siloxy units and less inorganic (Q) units than polysiloxane 'B'. The bulk 

composition of these materials was determined from formulation data and 29Si NMR 

spectroscopy of the starting materials. The NMR compositions for polysiloxane A and 

B are presented in the results section, in Table 5-8 and Table 5-9, respectively. 
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5.3 RESULTS AND DISCUSSION 

In order to determine unambiguously the binding energy positions of components of the 

silicon 2p core level for the M, D, T, Q environments, denoted hereafter as Si 2pM, Si 

2pD, Si 2pT, Si 2pQ, a selection of siloxane compounds available within Dow Corning 

were analysed by XPS. To ensure that all the environments could be identified, the 

materials used were a PDMS homopolynmer '0 gum' (Si 2pD), a DT resin (Si 2pD and 

Si 2pT), and an MQ resin (Si 2pM and Si 2pQ). The D gum is considered first since the 

binding energy of 0 1 s, CIs and Si 2pD has been described in the literature3. 

5.3.1 Curve-fitting of high molecular weight PDMS homopolymer 

The procedure for curve-fitting the 0 1 s, CIs and Si 2p core levels for the high 

molecular weight polydimethylsiloxane (POMS) homopolymer is described here. Two 

synthetic peaks were applied to the Si 2p core level, to represent the Si 2p3/2 and Si 2pl12 

spin states. The FWHM was constrained to be equal in both components, and the area 

of the peak assigned to Si 2pl/2 was constrained to be half the area of the Si 2p 3/2 3. A 

good fit to the data was determined, and the energy separation between the Si 2p3/2 and 

Si 2pl/2 doublet was found to be 0.65 eV, Figure 5-1. This is within 0.05 eV of the 

doublet separation determined by Beamson and Briggs (0.61 eV)3. 
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108 
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101.8 0.9 66.i 
102A 0.9 33.3 

106 104 102 
BindiJI:: Ene~y (e V) 

100 98 

figure 5-1: Curve-fitting of the i 2p core level of high molecular weight linea r PDM 
homopolymer (D Gum) showing the use of two synthetic pea ks to repre ent the i 2pJ/2 and i 2p 1/2 

spin states of the D iloxy unit. Data presented ha been charge corrected to po ition 0 1 at 532.0 

eV 

A model line-shape that encompassed both these spin states was constructed frol11 the 

synthetic envelope. This model line-shape was developed for ea e f repr ntat i n in 

curve-fits of Si 2p core levels with several oxidation states of ilicon pre ent. 

Application of this model line-shape to the high molecular weight iloxane 

homopolymer showed a good fit, Figure 5-2c. 

A synthetic peak was applied to the 0 Is core-level. ince there is only on oxidation 

state of silicon and no - OH groups pre ent in D [-(CH3)2Si02ld, onl y one synthetic 

curve was applied. A charge correction value was then applied to the binding energy 

scale to set this peak binding energy (BE) to 532.0 eV, as described by Beam on and 

Briggs for curve-fitting the 0 1 s core level of PDM and poly(phenylmethylsiloxane) 

[PPMS]3, Figure 5-2a. A singl synthetic peak was then applied to the 1 s core level 

found at 284.48 eV, which is within 0.1 eV of the value in th literature for POM 
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(284.38 eV)3, Figure 5-2b. Application of the same charge corr ction re ulted in the 

centroid of the Si 2pD peak being at 10l.99 eV . Subsequent curve-fitt ing pr cedure 

used the binding energy value obtained from this i 2p curve-fit to represent ilicon 

atoms present in the D siloxy environment. This process may be represented using the 

flowchart in Scheme 5-2. 

Choose model with one siloxane n ironment 
(e.g D gum) 

Apply 1 synthetic component to 0 1 s core lev I 

BE 0 IsD 

siloxy 
component 
(532.0 eV) 

Charge correct 0 1 s to 532.0 V 

Is and 

Apply 1 synthetic component each to 1 sand 
Si 2p core level 

Note BE ofC Is and i 2p components 

BE C Is D 

siloxy 
component 
(284.48 eV) 

component 
(101.99 eV) 

Scheme 5-2: Flowchart de cribing the procedure for curve-fitting polydimethyl iloxanc to 
provide binding energy values for 0 1 0, C Iso and i 2po component 
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Figure 5-2: High molecular weight linear POM homopolymer (0 Gum) - a) 0 Is core level, b) 
Is core level, c) Si 2p core level using the model line shape. Data presented ha been charge 
corrected to position the 0 Is peak at 532.0 eV 
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5.3.2 Curve-fitting of DT Resin 

Having determined the peak position of the Si 2p component for silicon in a D siloxy 

environment, this information was used to establish the BE of silicon in a T siloxy 

environment. A siloxane resin containing three silicon environments (Do.wOOllo.I2-To.74 

_ DT Resin), was analysed by XPS. Two methods of curve-fitting were possible: 

assigning only one peak to represent CIs in both D and T siloxy environments in the C 

Is level; or by differentiating between C IsD [(CH3h-Si-02/21 and C 1ST [(Clb)-Si-OJd 

in the C Is core level. Both of these approaches are explored below. 

a) Using one synthetic component to curve-fit the CIs core level 

The core-levels were first charge corrected to position the CIs core level at 284.48 e V, 

representative of the (CH3h-Si-02/2 environment. To curve-fit the Si 2p core level, the 

formulation was simplified to DO.14TO.86, assuming DOli and T are equivalent by XPS. It 

is thought that the secondary effect of O-Si-O-H versus O-Si-O-Si will be relatively 

small compared with the binding energy shift caused by the replacement of a methyl 

group with an additional oxygen atom. 

T DOH 

A component with a binding energy of 101.98 ± 0.1 eV, representative of the D siloxy 

unit [-(CH3)2Si02l2-1 and an additional peak representative of the T siloxy unit [

CH3Si0312-1 were applied to the Si 2p core level. It was not possible to obtain a good 

curve-fit for the Si 2p core level when constraining the peak for the D siloxy unit to 

14% of the total area as suggested by NMR data. Instead, the Si 2pD peak area had to be 

increased to 22%, Figure 5-3 and Table 5-1. 
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M D T Q 
Calculated (bulk) composition 0 14 86 0 

Experimental (surface) composition 0 22 78 0 

Table 5-1: NMR determined bulk chemical composition of resin A (Du.w Do"o.l2-To.74 ) in terms of 
M,D,T, and Q siloxy units compared with the experimental values obtained from curve-fitting of 
the Si 2p core level 

The higher than expected concentration of D siloxy species may be indicative of surface 

enrichment of PDMS oligomers, which is often observed with polymeric systems. The 

system is thermodynamically driven to minimise its surface free energy, by allowing 

orientation of the D siloxy unit to the surface (exposing methyl groups) to cover the 

higher-energy, more-oxidised T species in air or vacuum
ll

. The opposite effect is 

observed for siloxane materials stored in water l2. However, this may be the less likely 

explanation for this system, as being a resinous material, the molecular structure is 

relatively fixed. 

The discrepancy between bulk and surface chemistry may alternatively suggest an error 

in the curve-fitting methodology. It was decided to investigate this possibility, with the 

aim of more accurately correlating the chemistry of the CIs, Si 2p and 0 Is core levels, 

with the bulk composition determined by 29Si NMR. The effect of differentiating 

between the C Is binding energy positions for (CH3)2-Si-02/2 and (Clb)-Si-03/2 was 

investigated. 

b) Using two synthetic components to curve-fit the CIs core level 

The effect of replacing a C-C group with C-Si0212 (D siloxy unit) on the binding energy 

of the C Is core level is to decrease it from 285.0 eV to 284.48 eV, as described in the 

literature, and in section 5.3.1. The effect on the C Is binding energy of replacement of 
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c-c with C-Si03/2 (T siloxy unit) or by C-SiOI/2 (M siloxy unit) has not previously been 

determined. 

As a first estimation, the effect of replacement of one methyl group from the C-Si02/2 

species by an oxygen atom, was to shift the carbon binding energy up by one-half of the 

distance between the C-C group and C-Si0212 environments. Conversely, the removal 

of an oxygen atom, with replacement by a methyl group to form a T siloxy unit (C-

Si0 3/2), led to a decrease in binding energy by the same amount. This is illustrated in 

Table 5-2. 

° H3C II,C 
HF,,- H3C,\ ........ 0 H3C,\ ........ 0 IIF,\ ........ Cl1 3 

Si Si Si CH2 I I I 
° ° ° 

Binding 
Energy C-C HJC-SiOJI2 HJC-Si( CHJ)0212 HJC-Si(CHJ)2()112 

(eV) 
Measured 285.00 - 284.48 -
Estimated - 284.74 - 284.22 

Table 5-2: Measured and estimated binding energy and structures for carbon attached to 
various siloxy structures 

For silicon in the 'M' siloxy environment, each silicon atom has three carbon atoms, 

and one-half an oxygen atom. For silicon in the 'D' siloxy environment, each silicon 

atom has two carbon and two-half oxygen atoms associated with it 'T' siloxy silicons 

have one carbon and three-half oxygen atoms, whereas silicon in the 'Q' siloxy 

environment is attached to four-half oxygen atoms. Each oxygen atom is represented as 

a fraction of two as it is shared between two silicon atoms. This information is 

summarized in Table 5-3. 
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Number of atoms 
Nomenclature Molecular Structure Carbon Silicon OXY2en 

HJC 
HJC,,\ /CHJ 

M S· 3 1 112 11 
0 

HJC 
H3C,,\ /0 

D Si 2 1 2/2 
I 

0 
0 

H3C,,\ /0 
T Si 1 1 3/2 

I 
0 

° 
Q 

O"\i/
O 

0 1 4/2 
I 

0 

Table 5-3: Nomenclature and structure of various siloxy environments, indicating the number 
of carbon and oxygen atoms associated with each silicon atom 

The concentration of carbon may be calculated by the summation of the concentration 

of carbon in an 'M' siloxy unit [CM], plus the concentration of carbon in a 'D' siloxy 

environment [CD], plus the concentration of carbon in a 'T' siloxy environment [CT], 

equation [1]. Similarly for oxygen and silicon as presented in equations [2] and [3]: 

[C] = 3[CM] + 2[CD] + [CT] 

[0] = 1I2[OM] + 2/2[OD] + 3/2[OT] + 4/2[OQ] 

[Si] = [SiM] + [SiD] + [SiT] + [SiQ] 

[1] 

[2] 

[3] 

This method also allows the elemental composition to be determined. If the chemical 

environment of silicon is known from curve-fitting, then the associated number of 

carbon and oxygen atoms can be calculated. 
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For samples whose thickness is greater than the depth of analysis, this method provides 

a check on the curve-fitting process. The elemental composition determined from 

quantification should be similar to that calculated from the Si 2p curve-fit. The 

following example describes the calculation for a sample of DT resin of known 

molecular structure, Table 5-4. 

Chemical Number of 
Environment Atoms 

Si C 0 

M 0 0 0 
D 14 28 14 
T 86 86 129 
Q 0 0 0 

100 114 143 
total 

357 atoms 

Si 
C 
0 

Elemental Composition (%) 

Calculated Determined 
from Si 2p Experimentally 

26 28 
35 32 
39 40 

Table 5-4: Total number of carbon, oxygen and silicon atoms for DT resin, with comparison 
between the elemental composition derived from Si 2p curve-fit, and experimentally from 
quantification information 

Agreement in the elemental composition, within a few percent, was obtained by this 

method. In addition, equations [1 - 3] can be applied to determine the concentration of 

synthetic components within each core level. As discussed previously, DT resin, whose 

molecular structure is DoWToHo.12-TO.74, has 14% of its silicon atoms in the 'D', or 

(CH3)2Si02/2 environment, and 86% of its silicon atoms are in the 'T', or CH3Si0312 

form, therefore: 
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[e] = (2*0.14) + 0.86 = 1.14 

CD = (0.28/1.14)*100 = 24.6% 

cT = (0.86/1.14)*100 = 75.4% 

[0] = (2/2*0.14) + (3/2*0.86) = 1.43 

OD = (0.14/1.43)*100 = 9.8% 

OT = (1.29/1.43)*100 = 90.2% 

lSi] = 0.14 + 0.86 = 1.0 

SiD = (0.14/1.0)*100 = 14.0% 

SiT = (0.86/1.0)* 100 = 86.0% 

The Cis core level was fitted with two synthetic components with the proportional 

concentrations calculated above. The CIs core level was then charge corrected to set C 

ISD to 284.48 eV and C 1ST to 284.74 eV. The BEs were allowed to vary ± 0.1 eV. The 

curve fit matched well with the experimental data, Figure 5-4b. 

The same charge correction value was applied to both the 0 Is and Si 2p core levels. 

One component was added to each, to represent 0 1 SD and Si 2pD using the known 

binding energy values. A second component (to represent 0 1sT and Si 2pT) was then 

added, and constrained in concentration according to the molecular structure. This 

provided binding energy values for 0 1ST, Figure 5-4a and Si 2pT Figure 5-4c. The 

binding energy value for Si 2pT [CH3Si03d of 102.8 eV is in good agreement with 

previously published research
4

• 

This new method has demonstrated that differentiation between the binding energy of 

the CIs for (CH3)Si02l2 and CH3Si03/2 provides consistent curve-fits whereby the 

relative concentration of the components can be matched to the molecular structure of 

116 



the material, and provide silicon BEs in agreement with the literature. The method is 

presented as a flowchart in Scheme 5-3. 
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Choose model with two siloxane environments 
(e.g DT resin) 

Calculate theoretical concentrations ofD and T 
components for both 0 1 sand C Is core level 

Use known position ofD siloxy component of 
C Is core level (C IsD) 

Estimate position of T siloxy component of 
C Is core level (C 1ST) 

Apply C 1 SD and CIs T components to C ) s at 
known/estimated positions 

Can concentrations of synthetic 
components be constrained to 

calculated concentrations and a good 
fit obtained? 

Yes 

Model Successful 

Repeat for 
Oland i 2p 

core Ie Is 

BE 0 1ST 
siloxy 

component 
(532.50 eV) 

BE C 1ST 
siloxy 

component 
(284.74 eV) 

component 
(102.78 eV) 

Scheme 5-3: Flowchart de cribing the procedure for curve-fitting DT re in to provide binding 
energy values for 0 1sT, C 1sT and Si 2pT components 
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5.3.3 Curve-fitting of MQ resin 

A similar process to that in 5.3.2b was used in the curve fitting of a siloxane resin 

containing different ratios of siloxy units, M047--rDH
O.w QO.38 - MQ resin. In this case, 

the Si 2p core level had two distinguishable features, as shown in Figure 5-5. To curve-

fit the Si 2p core level, the formulation was simplified to M0.47QO.53 as it was assumed 

that TOH and Q siloxy forms are not differentiated. 

Q 

o 
0, \ /OH 

'Si 

I 
o 

A synthetic component representing carbon in a 'M' environment was fitted to the CIs 

core level. This was charge corrected to position C 1 SM at 284.23 e V, the estimated 

position for this component, Figure 5-5b. Next, synthetic components representing Si 

2pM and Si 2pQ were applied to the Si 2p core level. From Figure 5-5, where the 

furthest separated environments are represented, it is clear why the intermediate 

environments are so poorly resolved in the Si 2p core level. In the MQ resin, the 

separate components in the Si 2p core level are clearly resolved. 

The synthetic peak representing silicon as an M siloxy unit fitted well, using a peak of 

similar FWHM as the other model compounds. However, it was necessary to use a 

broader peak to fit the Q component. The intensity ratio between the two synthetic 

peaks is presented in Table 5-5. 
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M n T Q 
Calculated (bulk) composition 47 0 0 53 

Experimental (surface) composition 39 0 0 61 

Table 5-5: NMR determined bulk chemical composition of resin B (Mo.47-To"o.wQo.Js) in terms of 
M,D,T, and Q siloxy units compared with the experimental values obtained from curve-fitting of 
the Si 2p core level 

There are two possible hypotheses behind the need to broaden the Si 2p peak in Q 

siloxy units. The signal is resulting from a combination of TOil and Q units, which 

would lead to an apparent broadening of the peaks within the experimental envelope, if 

these chemical environments did not result in the same chemical shift. A more detailed 

analysis will be needed to differentiate between Si 2pTOII and Si 2pQ, but at this time, it 

has not been possible to examine a material containing only pure Si 2pTOII siloxy units. 

However, in the analysis of the DT resin the peak position for Si 2pDOII was in the same 

position as that for Si 2p T units. 

The second possibility is that the broadening of the Q signal is further due to a 

superposition of a multitude of Si 2p signals each arising from a Q unit in a slightly 

different molecular environment. In the core of the resin, various Q units are imbedded 

in cage-like structures of variable sizes and strains. This broadening effect is clearly 

seen in 29Si NMR of methylated orthosilicate resins containing Q units13. 

Furthermore, the XPS curve-fit did not match the composition determined by 

quantitative 29Si NMR. A higher concentration of [Q + TOH] units was observed by 

XPS (61 %), than in the NMR analyses (53%). Whilst it is not necessarily expected that 

the bulk and surface concentrations will be the same, any variations would normally be 

due to the enrichment of low energy (e.g. M or D siloxy groups) at the surface. It is not 

possible to explain explicitly the apparent enrichment of Q groups at present using this 

rationale, but one possible hypothesis is condensation occurring in the XPS vacuum. 
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Finally, 0 1 SM and 0 1 sQ components were then applied to the 0 1 s core level, with the 

binding energy allowed to vary, but with their relative intensities constrained to the 

values determined from Table 5-3. As for the DT resin, the elemental composition of 

the material can be estimated from the Si 2p curve-fits, Table 5-6. 

Chemical Number of 
Environment Atoms 

Si C 0 

M 39 117 20 
D 0 0 0 
T 0 0 0 
Q 61 0 122 

100 117 142 
total 

359 atoms 

Si 
C 
0 

Elemental Composition ('Yo) 

Calculated Determined 
from Si 2p Experimentally 

28 26 
33 35 
40 40 

Table 5-6: Total number of carbon, oxygen and silicon atoms for MQ resin, with comparison 
between the elemental composition derived from Si 2p curve-fit, and experimentally from 
quantification information 
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5.3.4 Summary of curve-fitting of model compounds 

The validity of the method was evaluated in part by comparmg the elemental 

compositions of the bulk material with those determined from the XPS elemental 

composition, or compositions derived from curve-fitting of the Si 2p core level. These 

three methods have been denoted theory, elem, and camp, respectively. Graphs of 

silicon, carbon and oxygen concentrations for the three model compounds have been 

prepared, and highlight the similarity in concentration determined by the three methods, 

Figure 5-6. This suggests that, provided a consistent method for charge correction is 

employed, the method of using the composition of the Si 2p core level is valid, and can 

thus be applied to thin siloxane coatings where a non Si-containing substrate is also 

being analysed, e.g polypropylene film. This will enable calculation of the composition 

of the coating, without the influence of the substrate. An additional benefit of using this 

method to determine the elemental composition is that it removes the uncertainty arising 

from the variation in depth of analysis. Furthermore, the method is independent of the 

relative sensitivity factors for each element. 

A summary of the binding energies of M, D, T and Q siloxy components of the 0 1 s, C 

1 s and Si 2p core levels determined from XPS analysis of the model compounds is 

presented in Table 5-7. 

Binding Energy (eV) 
Ols Cis Si2p 

M [ (CHJhSiO II2 1 532.0± 0.1 284.2 ± 0.1 101.4 ± 0.1 

o r (CHJhSi0212 J 532.0 ± 0.1 284.5 ± 0.1 102.0 ± 0.1 AM-D=0.6 
T r CHJSiOJ/2 J 532.5 ± 0.1 284.7 ± 0.1 102.8 ± 0.1 A D-T = 0.8 
Q [ Si0412 J 532.6 ± 0.1 NA 103.2 ± 0.1 AT-Q = 0.6 

Table 5-7: Binding energies for various siloxy units in the Si 2p core level 

This work has confirmed experimentally, using model compounds of known 

composition, that the binding energy positions of Si 2pM, Si 2pD, Si 2pT and Si 2pQ are 

in good agreement with the estimated values presented in the literature. It has also 
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demonstrated that binding energy shifts for components of the 0 1 s, and particularly C 

1 s core levels, can be assigned for siloxanes containing a range of siloxy environments. 
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5.3.5 Curve-fitting of complex polysiloxane formulations 

The curve-fitting process developed previously, and described In 5.3.1 - 5.3.4 was 

applied to two commercial polysiloxanes, Polysiloxane A and Polysiloxane B. The 

spectra were charge corrected to position C IsD at 284.48 eV. The curve-fitted 0 Is, C 

1 sand Si 2p core levels for polysiloxane A, which contained a higher percentage of 

PDMS material, are presented in Figure 5-7. A good fit to the experimental envelope 

was achieved using the model lineshape and binding energies for silicon, oxygen and 

carbon summarised in the previous section. Agreement between the NMR and surface 

composition was obtained, Table 5-8. A slightly higher value of M components was 

observed, but as mentioned previously, this is quite common with flexible siloxane 

materials. 

Composition (%) 
M D T Q Si C 0 

Bulk 24 45 0.4 31 
composition 

26 43 31 

Elemental 
composition - - - - 23 45 32 
from XPS 
Functional 

composition 28 44 0.0 28 26 45 30 
from Si 2p 

Table 5-8: A comparison of chemical environment of polysiloxane A determined by NMR and by 
XPS. Elemental composition calculated from NMR, determined by XPS, and obtained by curve
fitting of the Si 2p core level 

The spectra corresponding to polysiloxane B, known to contain more Q siloxy material, 

are presented in Figure 5-8. It was possible to fit the experimental data successfully 

using the information from the model compounds. Again, good agreement between the 

NMR and XPS data was found for polysiloxane B, Table 5-9. 
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Composition (%) 
M D T Q Si C 0 

Calculated (bulk) 32 26 0.5 41 
composition 

27 40 33 

Elemental - - - -composition from XPS 
23 41 36 

Functional 35 28 0.5 36 
compositional from Si 2p 

26 43 31 

Table 5-9: A comparison of chemical environment of polysiloxane B determined by NMR and 
by XPS. Elemental composition calculated from NMR, determined by XPS, and obtained by 
curve-fitting of the Si 2p core level. 
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Good agreement between the composition known from the formulation and by NMR, 

and the composition determined from curve-fitting of the i 2p core-level indicates the 

validi ty of this method, with some variation ass igned to surface enrichment. 

130 



Application of these binding energies to Si 2p core levels of industrially relevant 

materials where the composition is not known by any other means can now be carried 

out with confidence in the results. 

5.4 SUMMARY 

Through the analysis of model siloxane compounds, the XPS binding energy values for 

silicon in the Si 2p core level have been determined for each of the M, D, T and Q 

siloxy species. As expected, the binding energy increased when an oxygen atom 

replaces each methyl group attached to the silicon atom. The results are similar to the 

assumptions of previous researchers in the field who had estimated the binding energy 

positions of siloxane based on linear addition. The results are strengthened by the use 

of model compounds containing each siloxane environment. Additionally, the method 

has also allowed for the differentiation between carbon attached to the various siloxy 

environments using curve-fitting of the C Is core level. 

The curve-fitting procedure has also been applied to two complex siloxane systems 

containing silicon in four siloxy environments. The bulk composition calculated from 

formulation information and by 29Si NMR spectroscopy, with slight modification for 

surface orientation, was in good agreement with the surface composition determined by 

XPS, indicating that the method and binding energy positions are valid. Furthermore, 

comparison of the elemental composition determined from NMR data, with that from 

XPS elemental quantification using the core level intensities, and from the composition 

determined only from fitting of the Si 2p core level has highlighted the similarities 

between the results. This validates the method and enables the calculation of the 

elemental composition of thin coatings where the substrate is also being analysed. 

131 



5.5 REFERENCES 

I Morra, M.; Occhiello, E.; Marola, R.; Garbassi, F.; Humphrey, P.; Johnson, D., 'On the ageing of 
oxygen plasma-treated polydimethylsiloxane surfaces', J. Coli. Int. Sci., 1990; 137: 11 
2 Hillborg, H.; Gedde, U.W.; 'Hydrophobicity recovery o/polydimethylsiloxane after exposure to corona 
discharges', Polymer, 1998; 39: 1991 
3 Beamson, G.; Briggs, D.; High Resolution XPS o/Organic Polymers: The Scient a ESCA300 Datahase, 
John Wiley & Sons: Chichester, 1992 
4 Alexander, M.R.; Short, R.D.; Jones, F.R.; Michaeli, W.; Blomfield, CJ., 'A study of HMDSO/02 

plasma deposits using a high-sensitivity and -energy resolutions XPS instrument: curve-fitting of the Si 
2p core level', Appl. Surf Sci. 1999; 137: 179 
sWard, LJ.; Schofield, W.C.E.; Badyal, J.P.S.; Goodwin, A.J.; Merlin, PJ., 'Atmospheric pressure glow 
discharge deposition ofpolysiloxanes and SiOx films', Langmuir, 19, 2003, 2110-2114', Lan~lI1l1ir. 2003; 
19:2114 
6 Noll, W., Chemistry and Technology of Silicones. Academic Press, New York, 1968 
7 Hillborg, H.; Ankner, J.F.; Gedde, U.W.; Smith, G.D.; Yasuda, H.K.; Wilkstrl}m, K., 'Crosslinked 
polydimethylsiloxane exposed to oxygen plasma studied by neutron reflectomertry and other surface 
specific techniques', Polymer, 2000; 41: 6851 
8 Roualdes, S.; Berjoan, R.; Durand, J.; ,29Si NMR and Si 2p XPS correlation in polysiloxane membranes 
prepared by plasma enhanced chemical vapour deposition', Separation and Purification Technology. 

2001;25:391 
9 O'Hare, L.A.; Parbhoo, B.; Leadley, S.R. ' Development of a methodology for XPS curve-fitting of the 
Si 2p core level ofsiloxane materials', Surf Interface Anal., 2004, 36, 1427 
10 Leadley, S.R.; Watts, J.F.; 'The use of XPS to examine the interaction of poly(acrylic acid) with 
oxidised metal substrates', J Elec Spectroscopy, 1997, 85: 107 
II Kim, J.; Chaudhury, M.K.; Owen, MJ.; 'Hydrophobicity loss and recovery of silicone HV insulation', 
IEEE Trans Dielectrics and Electrical Insulation, 1999; 6: 695 
12 Hillborg, H.; Gedde, U.W.; 'Hydrophobicity changes in silicone rubbers', IEEE Trans Dielectric:s and 
Electrical Insulation, 1999; 6: 703 
13 Taylor, R.B.; Parbhoo, B.; Fillmore, D.M.,NMR spectroscopy, The analytical chemistry of silicones, 
Vol 112 pp 347 - 419 in Chemical Analysis, Lee Smith A, (Ed). J. Wiley & Sons: New York, 1991 

132 



CHAPTER 6 

CHARACTERISATION OF SILOXANE COATINGS 

PREPARED USING 

ATMOSPHERIC PRESSURE PLASMA LIQUID DEPOSITION 
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6.1 INTRODUCTION 

The aim of the work presented in this chapter was to determine the effect of certain 

processing parameters on the chemistry of coatings obtained by atmo pheric pre sure 

plasma liquid deposition (APPLD) of siloxane precursors. The effect of the precursor 

chemistry on the deposition rate and coating chemistry was also investigated using 

poly( dimethylsiloxane) and poly(hydrogenmethylsiloxane). 

Preliminary analysis companng deposition of siloxanes onto po lypropy lene and 

poly(ethylene terephthalate) films suggested that the siloxane coatings being d po ited 

were thinner than the depth of analysis of X-ray photoelectron sp ctroscopy. hown 

in Figure 6-1, the silicon concentration determined by XPS was between 5 and 13% for 

a1l samples. For a continuous siloxane coating of thickness greater than the XP 

analysis depth, a silicon concentration of ~ 25% would be expected and it is therefore 

concluded that the PET and BOPP substrates contribute significantly to the XP 

analysis. 
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Figure 6-1: Silicon concentra!io~ versu .p.recur or flow rate fo r si loxa ne coa ting depo ited u ing 
atmospheric pressure pia ma liqUId deposItion. 
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A method was thus required to enable the elemental composition of the coating to be 

determined despite the contribution from the substrate to the analysis. We first consider 

deposition onto a poly(ethylene terephthalate) (PET) film as substrate since a clearly 

resolved component relating to the substrate, the ester functionality, was present in the 

CIs core level when the coating was thinner than the depth of analysis of XPS. This 

enabled the substrate and the deposited coating to be distinguished and the composition 

of the latter to be estimated using the curve-fitting protocol based on that described for 

thick siloxane materials in Chapter 5. A modellineshape encompassing both Si 2pl/2 

and Si 2p3/2 spin states was obtained by curve-fitting a high molecular weight 

poly(dimethylsiloxane) homopolymer. The binding energy and lineshape were then 

applied to model compounds containing each siloxane environment, to obtain 

unambiguous binding energies for Si 2pM, Si 2pD, Si 2p T and Si 2pQ. 

It was also possible, using a combination of angle-resolved XPS (AR-XPS) and a film 

thickness algorithm derived from the Beer Lambert expression, to determine the 

thickness of the siloxane coatings, and to relate this information to the chemistry of the 

coatings obtained and the process parameters used. 

The effect of plasma treatment of the substrate prior to coating deposition, and of 

coating plasma treatment on coating hydrothermal stability was also evaluated. The 

stability of the coating to immersion in boiling water represents a measure of the 

efficiency of grafting of the coating to the substrate, and of crosslinking and network 

formation in the coating. Water contact angle measurements and XPS analysis before 

and after immersion evaluated any changes in the coating due to immersion. 
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6.2 EXPERIMENTAL 

6.2.1 Atmospheric pressure plasma liquid deposition apparatus 

Siloxane coatings were deposited onto poly(ethylene terephthalate) films using Dow 

Coming Plasma Solutions Mark I atmospheric pressure plasma liquid deposition 

(APPLD) apparatus. The apparatus is described in detail in Chapter 3. 

The substrate was passed though the APPLD apparatus. In the first zone, the film is 

plasma treated prior to deposition, Scheme 6-1. This activation, or pre-treatment step 

may be considered to be analogous to corona discharge treatment, which is an essential 

step for the application of liquid siloxane materials to low surface energy substrates I. 

The resulting improved adhesion is a consequence of modification of the surface 

chemistry of the substrate by incorporation of oxygen-containing functional groups 

which allow the formation of chemical bonds between the substrate and the coating, and 

results in an increase in the surface energy of the substrate sufficiently to allow 

complete wetting and spreading of the siloxane, which is a crucial first stage in 

adhesion. In the second zone, the plasma contains the liquid precursor, and the coating 

is formed. 

Due to the novelty of the APPLD process, the range of properties that can be obtained 

for coatings deposited are not well defined. It is essential in the development of the 

technology that the way in which the plasma parameters affect the properties of the 

coatings obtained are understood. 
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Electrode 

Scheme 6-1 : Typica l atmospheric pressu re plasma liq uid depo ition proce . Web i pa sed 
through a n APP treatment zone pr io r to pa sing though the pIa rn a zone where the prec ll r o r i 

de pos ited. 

The substrate used in this work was poly(ethylene terephthalate), P Tfi lm. The P ~ T 

film was 25 ~m film , commercially available from Goodfe llow, UK. Two polys iloxane 

liquids were evaluated as precursors for atmospheric pressure plasma liqu id depo ition 

(APPLD) on PET film . The first was a linear po ly(dimethylsiloxane) - PDM ,and the 

other a linear poly(hydrogenmethylsiloxane) - PHM , both of vi cosity ( 10 c t) . The 

molecular weight of PDMS and PHMS wer approx imately 1300 and 3500, 

respectively. Both precursors were supplied by Dow Corning orporation. Th 

generalised molecular structures of the precursors are presented in cheme 6-2. Further 

information on the substrate and precursors is presented in Chapter 3. 

Deposition of the precursors was carried out at 4 mmin-I , in a helium APP, us ing a gas 

flow of 15 Imin- I at standard temperature and pressure. 
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Poly( dimethy lsiloxane) Poly(hydrogenmethy lsi loxane) 

Scheme 6-2: Chemical structures of the poly(dimethylsiloxane) and poly(hydrogenmcthylsiloxanc) 
precursors used to prepare siloxane deposits on polypropylene and poly(ethylcne tcrcphthalate) 
film using atmospheric pressure plasma deposition 

XPS measurements were carried out with a take-off angle (TOA) of 900 with respect to 

the sample surface unless explicitly stated. Five positions within a 1 cm2 area were 

analysed for each sample. The values for elemental concentrations are presented as the 

average from these five measurements. Error bars representing the standard deviation 

of the mean are also presented (SDIN-2
). 
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6.3 RESULTS AND DISCUSSION 

6.3.1 XPS Curve-fitting of thin siloxane coating 

A protocol for the XPS curve-fitting of siloxane materials was developed and described 

in Chapter 5. Whilst this method is applicable to the curve-fitting of all siloxan 

materials, some slight modification is required when curve-fitting materials wher the 

substrate is included in the analysis . 

a) Poly(ethylene terephthalate) substrate 

Curve-fitting of the C Is core level was carried out on the ' as received ' PET film 

Figure 6-2. Synthetic components relating to the three functional itie present: 

Cl - C-C (aromatic); C2 - C-O-C=O; and C3 - C-O-C=O, were required, in accordance 

with the molecular structure of PET, and in good agreement with the curve-fit for PET 

by Beamson and Briggs
2

. 

10 Name Pos. FWHM'oArea 
c.C(aro:n) 280 0.9 55.8 
C' ·o-c=o 216.2 10 205 
C-Q.C-~ 2118.6 0.8 18.6 

8 Shake·up 289.8 16 0.8 
Shake·up 291.1 15 11 
ShakNP 292.4 15 1.2 

f- 0 --'-"---' 

Figure 6-2: Molecular tructure and curve-fit for the C 1 core level of 'a received ' poly(ethylene 
terephthalate) film. Spectrum charge corrected to po ition ynthetic component as igned to -
C(aromatic) at 284.7 eV. The *.on the components annotation in the XP spectrum denote which of 
the carbons in the ester groups 1 represented 
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b) Siloxane coated polyCethylene terephthalate) film - charge correcting to substrate 

An example of the Cis and Si 2p core levels for a coating formed from POM 

presented in Figure 6-3. The characteristic shape in the CIs core I vel for P T is 

clearly visible, although the intensity of the components relating to the ester 

functionality are less intense than for the ' as received' substrate. Figure 6-2. The 

presence of silicon is a clear indicator of a siloxane coating being present. However the 

presence of the substrate peaks in the CIs indicate either a thin or patchy coating. 

Angle-resolved XPS suggested that the film is continuous rather than patchy, describ d 

in Section 6.3.2: Film Thickness. 
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Figure 6-3: Poly(dimethylsiloxane) deposite~ ~n poly(ethylene terephtha late) film a) C Is core 
level, b) Si 2p core level (flow rate = 300 ~lmJn ) 

To represent the substrate, peaks C 1, C2 and C3 were applied to the experimental data 

from the siloxane coated PET film, shown in Figure 6-4a. The intensity of peaks 2 

and C3 were constrained to be equal, with peak Cl = 3 x C3 . The binding energy 
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positions for Cl and C3 were set using the shifts between the peaks on the 'as received' 

sample. 

To account for the siloxane coating, three peaks relating to carbon attached to silicon, 

denoted C 1 sM, C 1 so, and CIs T were applied to the curve-fit, at BEs of 281.2 e V, 281.4 

eV and 284.7 eV respectively (prior to charge correction). These are shown with the 

peaks representing the PET in Figure 6-4b. The intensities of these peaks were guided 

by the experimental envelope. The position of C ISM was fixed at a value chosen to 

obtain a good fit to the low binging energy side of the CIs core level. The positions of 

C Iso and C 1sT were constrained to C ISM ( +0.26 eV and +0.52 eV, repectively) A 

summary of the formula and structural representation is presented in Table 6-1. 

Notation Formula Structural Representation 
HJC 

C ISM IIJ(:-Si(:IIJ)2()la 
HJC,\ ,...CHJ 

Si 
I 
0 

HJC 

C IsO IIJ(:-Si(<=IIJ)()2a 
HJC,\ ,...0 

Si 
I 
0 

0 

C 1sT IIJC-Si()Ja 
HJC,\ ,...0 

Si 
I 
0 

H3C 

Si2pM IIJC-Si(CIIJ)2()la 
HF,\ ,...CH3 

Si 
I 

0 

H3C 

Si2pO 
H3C,\ ..... 0 

IIJC-Si(:IIJ)()2a Si 
I 

0 
0 

Si2pT IIJC-Si()JI2 
H3C,\ ,...0 

Si 
I 

0 

0 

Si2pQ 
0,\ ..... 0 

Si()4a Si 
I 
0 

Table 6-1: Notation, formula, and structural representations of the components used to curve-fit 
the CIs and Si 2p core levels of siloxane coatings 
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ane Pos FWHM',Am 
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2816 08 10.6 
286.0 0.8 106 
281.2 10 230 
281.4 1.0 218 
281.7 1.0 10 
288.5 IS 13 

m 

b 

Figure 6-4: Curve-fi t fo r the C 1 core level of iloxa ne deposited on poly(ethylene terephtha la te) 
film a) ynthetic components assigned to the 'as received' PET substrate, b) ynthetic component 
assigned to the siloxane and the 'as received' PET sub tra te. No charge correction a pplied 

Some deviation between the experimental data and the envelope generated from the 

synthetic components remained, as can be seen in Figure 6-4b. Two additional peaks 

were required to obtain a good fit. These have been assigned as C-OX (+0.9 eV shift 

from C-C arom) and C=O (+2.5 eV shift from C-C arom). Both these peaks have been 

previously been necessary in obtaining good fit to the experimental data during corona 

treatment of PET film3
. The lower than expected BE shift is most likely due to the 

effect of Si-C. The spectrum was then charge corrected to position the carboxyl ester 

peak at 288.66 eV, as per Bearnson and Briggs2
• This component was chosen rather 

than the C-C (aromatic) component as the ester peak was clearly resolved, whereas 

there would be some uncertainty as to the accurate position of C-C (arom) due to the 

presence of C-Si components. This method resulted in the three peaks relating to the 

PET substrate having binding energy positions as expected, C-C (arom) at 284.7 eV; C-

o-c=o at 286.3 eV and C-O-C=O at 288.7 eV. However, the binding energy po itions 

of the three peaks relating to C-Si (C 1 SM , C 1 SD , CIs T ) were much lower than 
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10 

observed for the model compounds discussed ill Chapter 5, or from the literature, 

Figure 6-5. 

m Pes FiiHIfJ.:~a 

.c (artD) 214.1 0.9 no 
286 J 0.8 100 
288.1 0.8 10.0 
183.8 I 0 218 
28411.0 m 
2¥J 1.0 10 
2856 1.0 43 
287.2 1.0 0.8 

'1ljI 291.1 15 1.3 

... , 
I I 

Assignment 
C-C Carom) 
C-O-C=O 
C-O-C=O 

C IsM 
C Isu 
C lSi 

Binding Energy Position (eV) 
Literature Experimental 

284.7 284.7 
286.2 286.3 
288.7 288.7 
284.2 283 .8 
284.5 284.1 
284.7 284.3 

J94 
l8l 

Figure 6-5: Curve-fit of the C 1 core level and tabulated binding energy positions of the 
component for siloxane depo ited on poly(ethylene terephthalate) film. The spectrum ha been 
charge corrected to po ition the carboxyl e ter component at 288.66 eV 

c) Siloxane coated polyCethyelene terephthalate) film - charge correcting to coating 

An alternative charge correction to the data was applied to position C IsD at 284.48 V, 

Figure 6-6. The new positions were consistent for siloxanes, C ISM at 284.2 eV; C IsD 

at 284.5 eV; and C 1ST at 284.7 eV, but resulted in a binding energy shift of +0.5 eV for 

the components related to the substrate ~-Carom. C-O-C=O and C-O-C=O) 
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Pos FWH W,Area 
-C (arllll) 285.1 09 10.0 

286.7 08 10.0 
289.1 0.8 100 
2&1.2 10 218 
2M5 1.0 In 
2M.7 10 1.0 
286.0 1.0 43 

,..., 
I , 

Binding Energy Position (cV) 

G' 287.6 1.0 0.8 Assienment Literature Experimental 
e 2916 1.5 IJ C-C (arom) 284.7 285.1 
" 

C-O-C=O 286.2 286.7 
C-O-C=O 288 .7 289.1 

C IsM 284.2 284.2 
C 1s-u 284.5 284.5 
C lsi 284.7 284.7 
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Figure 6-6: Curve-fit of the C Is core level and tabulated binding energy position of the 
components for si loxane deposited on poly(ethylene terephthalate) film. The spectrum ha been 
charge corrected to position C I 0 at 284.48 eV 

There are three hypotheses that may explain this shift in binding energy: vertical 

differential charging 4 between the siloxane coating and the PET film; chemical 

interactions occurring between the plasma treated PET and the si loxane coating shi fting 

the components up in BE; or the binding energy position for aromatic carbons in the 

literature is incorrect. Since it has been previously determined that plasma tr atment of 

PET film cause the formation of active species such as phenol and carboxylic acid 

groups3, and plasma polymerisation and deposition of siloxanes occurs through the 

formation of free radicals and Si-OH species, it is highly likely that chem ical 

interactions are occurring between these species. These would be easily observed by 

xpS in the situation we have here, where the deposited coatings are thinner than the 

depth of analysis by XPS . Chemical interaction between thin coatings and the substrate, 

reflected by increa ed binding energy shifts, have been noted by other researcher in 

xpS of thin poly(methyl methacrylate) s,6,7 and poly(acrylic acid) 8 coatings Future 
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charge correction will be carried out using this method, ensuring C 1SM,D,T 

components are positioned as in Chapter 5, and the C Is substrate components are 

allowed to vary. 

The next step was to apply the same charge correction to the Si 2p core level. Using the 

. 2 M S· 2 D SI p , 1 p , i 2pT, and i 2pQ components and binding energies described in 

Chapter 5, the si loxane chemistry was elucidated. 

cru Po~ FWHWJ.rea 
101.1 09 2.2 

3l 11[1 09 70.7 
11[7 09 25.8 
103.2 09 13 

10 

IIlI 104 102 
BiJiiI: r.tu (e V) 

100 

Assignment 
Si2pM 
Si2pu 

Si 2p' 
Si2p(J 

Binding Enet;.g:" Pos ition (eV) 
L' 2 91 0 ' derature ' , Experimental 

100.8- 101.5 101.2 ± 0.1 
10 1.8 - 102.1 102.0 ± 0.1 

102.8 102.8 ± 0.1 
103.4 - 103 .6 103.2 ± 0.1 

Figure 6-7: Curve-fit of the Si 2p core level and tabulated binding energy posit ion of the 
components for siloxane deposited on poly(ethylene terephtha late) fil m. T he spectrum ha been 
charge corrected to position C IsO at 284.48 eV 

The next step was to match the relative intensities of the C 1 SM, C 1 SD, and 
T I 

components in the C Is core level to the si licon functional chemistry determined from 

fitting the Si 2p core level. The number of oxygen and carbon atoms associated with a 

silicon atom in each environment is known. From the relative concentrations of i 2pM 

Si 2pD, Si 2pT and i 2pQ, the number of oxygen and carbon atoms (and hence th total 

number of atoms) is calculated . The elemental composition is thus determined from the 
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ratio of each element to the total number of atoms, Table 6-2. The relative intensity of 

the C ISM, C IsD and C 1ST relative to each other are also calculated. These relative 

intensities are adjusted in the CIs core level. If alteration of the charge correction is 

required to ensure a good fit, this new charge correction is also applied to the Si 2p core 

level. This process is iterated until both the CIs and Si 2p chemistry are in agreement. 

Chemical Number of Atoms 
Environment Si C 0 

Si2piH 39.0 117.0 19.5 
Si2pu 55.4 110.8 55.4 
Si2p· 5.2 5.2 7.8 

Si2p'" 0.4 0.0 0.8 
100 223 83.5 

total 
416.5 atoms 

Si 
C 
0 

Elemental Composition (%) 
Calculated from Si 2p 

24.0 
55.9 
20.0 

Table 6-2: Calculation of elemental composition ofa siloxane coating, using the Si 2p core level to 
isolate the coating from the substrate 

For the first time to the author's knowledge, the iterative Si 2p - C J s curve-jillin~ 

method enables the chemistry and elemental composition of the thin siloxane coating to 

be distinguished from the substrate. 

6.3.2 Film Thickness measurements using angle-resolved XPS 

Following the development of the iterative Si 2p - C J s curve-fitting protocol, it was 

then possible to apply the method to CIs and Si 2p core levels of thin siloxane coatings, 

deposited in this work. Firstly, the thickness of a typical coating will be determined 

using a combination of ARXPS and the substrate-overlayer film thickness algorithm 

Next, the effect of varying the plasma parameters on the coating chemistry will be 

discussed. The plasma power during deposition, the precursor flowrate, the precursor 

chemistry, and the influence on coating stability of pre-treatment of the substrate or 

plasma treatment of the coating are the topics that will be investigated in this section. 
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Plasma polymerised poly(siloxane) - ppPSiOx, was deposited onto PET film using a 

precursor flowrate of 100 J!lmin- I
. Initial investigations using XPS indicated that, as 

expected, the deposit comprised oxygen, carbon and silicon. Angle-resolved XPS was 

used to determine if a thin, continuous layer of ppPSiOx had been deposited, or if a 

thicker, patchy coating resulted. The IDA (w.r.t. sample surface) was varied from 90° 

to 30°. The elemental composition of the sample with decreasing TOA is presented in 

Table 6-3. The silicon concentration increased with decreasing sampling depth. 

Take-Off Angle e) Elemental composition of sample (at. 0/0) 
w.r.t. sample surface Oxygen Carbon Silicon 

90 25.1 63.5 11.4 
60 23.3 62.6 14.2 
45 22.4 60.7 16.9 
30 20.0 60.0 20.0 

Table 6-3: Elemental composition of the sample at varying take-off angle with respect to the 
sample surface 

Ihe iterative Si 2p - C is curve-jitting method was used to curve-fit the CIs and Si 2p 

core levels of the siloxane coating at the various take-off angles, Figure 6-8. It is clear 

that as the IDA decreases, and the sampling depth is reduced, the intensity of the 

carboxyl peak associated with the substrate decreases. 
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Figure 6-8: Curve-fit of carbon (C Is) core level for poly(dimethyl iloxane) depo ited on 
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Figure 6-9: Curve-fit of ilicon (Si 2p) core levels for poly(dimethylsiloxane) depo ited on 
poly(ethylene terephthalate) film. .vectra have been caprtured with decreasing take-off angle (wrt 
sample surface). Top row left to right TOA = 90°, 60°; bottom row left to right TOA = 45°, 30°. 
Spectra have been charge corrected to position C IsD at 284.48 eV 

A summary of the composition of the coating determined by curve-fitting is presented 

in Table 6-4. Also pre en ted is G a measure of the goodness of fit (calculated by 

dividing i values by the number of degrees of freedom) . The composition of the 

coating was very similar throughout the range of analysis depths. 
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Take-Off Angle (0) Relative Concentration (%) 
G 

wrt sample surface Si 2pM Si 2pD Si 2p T Si 2pQ 

90 33.5 64.2 1.2 0.7 0.6 
60 33.9 59.2 5.4 1.5 1.0 
45 33.9 59.2 5.6 1.2 0.4 
30 33.8 60.2 5.4 0.6 0.7 

Table 6-4: Silicon chemistry of the coating determined from curve-fitting Si 2p core level at 
varying take-off angle with respect to the sample surface 

The elemental composition of the coating (without the influence of the substrate) can 

then be calculated, Table 6-5. As expected for a uniform coating, the elemental 

composition was constant throughout the sampling depth. 

Take-Off Angle (0) Elemental composition of coating (at. %) 

wrt sample surface Oxygen Carbon Silicon 
90 20.3 55.6 24.1 
60 21.1 54.6 24.2 
45 21.1 54.7 24.2 
60 20.9 54.9 24.2 

Table 6-5: Elemental composition of the coating at varying take-off angle with respect to the 
sample surface 

The overlayer on substrate model I 1,12,13 was chosen as the method to translate intensity 

of overlayer and substrate peaks into a thickness measurement. This model is most 

suited to comparison of peaks with very similar kinetic energies, and hence, similar 

attenuation lengths. 

The model is derived from the Beer Lambert expression, whereby the equation is 

integrated between 0 and d (d is the thickness of the overlayer, A). The signal from A is 

expressed as 

The signal arriving from B at the B-A interface is Is, and is given by 

00 
IB = Is [1-exp(-dlAs,Acos9)] 
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Taking the ratio (R 00 = IA 00 / IB 00 ) of these signals, and assuming A.A,A = A.B,A = A.A (for 

a carbon-containing overlayer on a carbon-containing substrate) 

00 
R = R [exp( d/A.Acos9) - 1] 

Rearranging and taking the natural logarithm results in the following 

In[RIR 00] = d/ A.Acos9 

A plot of sec(9) against the natural log of 1 + the ratio of peak intensities should result 

in a straight line through the origin. The gradient of the line represents the thickness of 

the overlayer in units of effective attenuation length (EAL). 

The overlayer thickness is calculated using the measured components (the intensity of 

the components relating to substrate and overlayer) and the known quantities (the TOAs 

-with respect to the sample normal for the calculation and the EAL) for the core level 

under investigation. In this work, the EAL for CIs was obtained from the National 

Institute of Standards and Technology EAL database 14. The peak intensities under 

investigation are both components of the CIs core level: COOX and C-Si. The COOX 

component relates primarily to the substrate (although a small contribution from high 

level oxidation of the C-Si may be observed), and the C-Si appears only due to the 

coating. 

Table 6-6 presents the intensities of COOX versus C-Si against take-off angle. The 

siloxane coating thickness was determined to be 4.9 nm using the graph shown on the 

following page. The slope of the line equals the thickness in terms of EALs, therefore 

with EALc = 2.3 nm, thickness = 2.1493 * 2.3 = 4.9 nm 
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Take-off angle e) Intensity 
C-Si X-O-C=O 

90 62.8 6.8 
60 70.1 5.4 
45 78.4 3.7 
30 86.2 2.0 

Table 6-6: Intensity of C-Si and COO X components of the C Is core level of a iloxane coating 
deposited on poly(ethylene terephthalate) film prepared from APPLO of POMS at 100 fllmin" at 
0.2 kW in helium 
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Figure 6-10: Plot of sec(8) against the natural log of 1 + the ratio of peak intensities for pia rna 
polymerised poly(siloxane) on poly(ethylene terephthalate) film 

Interpretation of similar data for siloxane coating prepared on PP film did not result in a 

straight line through the origin. This film most likely was comprised of islands of 

coating. 
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6,3,3 The effect of poly(dimcthyl iloxanc) pl'ccur or nO\ rat ' and d ' ilusitioll 
powcr on coating chcmi try 
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thickness of coating obtained. It is most likely that the low power density caused 

insufficient polymerisation of the precursor on the PET film. 

Deposition with a power of 0.6 kW led to variable thickness; use of 100 , .. tlmin-1 led to a 

coating thicker greater than the depth of analysis of XPS - no carboxylic ester signal 

associated with the substrate was observed. However, at precursor flowrates higher 

than this, a decrease in thickness was noted. At the highest power, 1.0kW. a gradual 

increase in thickness with the precursor flowrate was observed. 

b) Coating chemistry 

The iterative Si 2p - C Is curve-fitting protocol, allows the chemistry of coatings 

thinner than XPS analysis depth to be determined. Hence the effects of process 

conditions on the coating chemistry can be investigated without contributions from the 

substrate. This method calculates the chemistry of the overlayer only, removing the 

contribution of the substrate to allow comparison between all samples shown in Figure 

6-10. Examples of the curve-fits for the CIs and Si 2p core levels for a coating 

prepared at a deposition power of 0.2 kW and precursor flowrate of 100 J.tlmin-1 are 

presented in Figure 6-13. 
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Figure 6-13: Cu rve-fits of C 1 and Si 2p core levels for poly(dimethyl iloxane) deposited on 
poly(ethylene terephtha la te) film at 0.2 kW using a precursor flow rate of 20 ~llmin· l. pectra have 
been charge corrected to position C I 0 at 284.48 eV 

The chemistry (in addition to G - goodness of fi t) of the siloxane deposits prepared with 

varying flowrates at 0.2 kW on PET are presented in Table 6-7, and Figure 6-14. A 

clear effect of varying the precursor flowrate was observed on the relative proportion of 

silicon environments. As the precursor flowrate increased, the concentration of i 2pM 

siloxy units [ (CH)3SiOI I2 ] increased. Although the concentration of i 2pD siloxy unit 

decreased, the total concentration of ' polymeri c' forms of silicon increased with 

increasing flowrate, whi lst the inorganic - Si 2pT and Si 2pQ siloxy units, decrea d. 

The decrease in cross linked T units is consistent with a decrease in power upplied to 

the precursor as the flowrate increases. For the same reason an increa e in end M groups 

is consistent with this rationalisation of the observed flow rate dependence of chemistry. 
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P recursor Propostion Si atoms (at %) G Elemental Composition of 
Flowrate coating (a t. %) 
(Jd min-I

) Si 2p~1 Si2pJ) Si2pT Si 2pQ Oxygen Carbon Silicon 
20 19.1 68.1 10.0 2.8 1.2 24.5 50.7 24.9 

50 22.1 66.5 11.3 0.1 1.2 23.4 52 .0 24.7 

100 31.5 61.0 4.8 2.7 1.5 21.8 53 .9 24.4 

200 36.9 56.3 5.3 1.7 1.1 20.8 55 .1 24.2 

300 39.0 55.4 5.2 0.4 0.6 20.0 55 .9 24.0 

Table 6-7: Silicon chemistry determined from curve-fittin g S i 2p core of a coa ting prepa red from 
poly(dimethylsiloxane) depo ited on poly(ethylene terephtha la te) fil m a t 0.2 kW 
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Figure 6-14: Silicon chemistry determined from curve-fitting Si 2p core of a coating prepa red from 
poly(dimethylsiloxane) depo ited on poly(ethylene te rephtha la te) fil m a t 0.2 kW 

An additional benefit of the iterative Sf 2p - C 1 s curve-fitting protocol is that the 

elemental composition of the coating may be determined, with the ubstrate ffects 

being removed. As shown in Table 6-7 with increasing precursor flowrate , a decrease 

in oxygen concentration was observed, with a corresponding increase in carbon 

concentration. 

For deposition at 0.6 kW, the silicon chemistry is presented for increasing pr cursor 

floWTate in Table 6-8 and Figure 6-15. Again, the same trend was observed: increa ing 

precursor flowrate leads to an increase in polymeric silicon forms. Deviation from th 
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trend was noted for the sample prepared using the precursor flowrate of 200 ~dmin- I _ 

Here a much larger (30%) T siloxy component was observed, with lower intensity M 

and D components than expected. 

The thickness of the coating prepared under this condition was lower than for the re t of 

the samples prepared at 0.6 kW. It was noted that the power density per unit volume of 

precursor was higher for this case, and resulted in the format ion of a more oxidi ed 

siloxane coating. 

Precursor Propo tion Si atoms (at %) G Elemental Composition of 
Flowrate coating (at. %) 

(Jllmin-I
) Si2pM Si2pD Si2pT Si2pQ Oxygen Carbon Silicon 

20 16.3 57.8 26.0 0.0 1.1 26.5 48.2 25 .3 

50 24.9 67.6 7.5 0.0 1.2 22 .3 53 .2 24.5 

100 33 .1 59.4 7.6 0.0 1.2 21.1 54.6 24.2 

200 18.8 46.3 30.2 4.7 0.8 28.3 46.0 25 .7 

300 35.1 60.2 4.1 0.4 1.0 20.4 55.5 24 .1 

Table 6-8: Silicon chemi try and coating elemental composition determined from curve-fitting i 
2p core of a coating prepa red from poly(dimethylsiloxane) deposited on poly(ethylene 
terephtha late) film at 0.6 kW 
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Figure 6-1 5: ilicon chemist ry a nd coating elemental compo ition determined from curve-fitting i 
2p co re of a coating prepa red from poly(dimethylsiloxane) deposited on poly(ethylene 
terephthala te) film at 0.6 kW 

The elemental composition of the coating as a func tion of precursor flowrate IS 

presented in Table 6-8. 
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Finally, the siloxane chemistry of the coatings deposited at 1.0 kW are summarised in 

Table 6-9 and Figure 6-16. Here no trends in elemental or functional composition are 

apparent. For most of the samples prepared at at 1.0 kW, it would appear that the trend 

of increasing polymeric nature with increasing precursor flowrate observed at the oth r 

powers ho lds. The sample prepared at 1 00 ~Imin-l deviates from thi s, however, with a 

much higher T silox component than would be expected. It is not possible to explain 

this observation currently. 

P recur or Propo tion Si atoms (at %) G Elemental Composition of 

Flowrate 
Si2pQ 

coating (at. % ) 

(~lm in- I) Si 2pM Si2pD Si 2pT Oxygen Carbon Silicon 

20 7.4 30.0 24.6 38.0 1.7 41.5 30.2 28.3 

50 33.6 54.6 2.3 9.5 1.0 23 .1 52.3 24.6 

100 17. 1 40.8 31.1 11.0 1.0 30.9 42.9 26.2 

200 40.4 53.5 6.0 0.2 0.9 19.9 56.1 24.0 

300 45 .0 52.8 2.1 0.1 1.2 18.7 57.6 23.7 

Table 6-9: ilicon chemi try and coating elementa l composition determined from curve- fitting i 
2p core of a coating prepa red from poly(dimethylsiloxane) deposited on poly(ethylene 

terephthalate) film at 1.0 kW 
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Figure 6-16: i1icon chemi t ry determined from curve-fi tt ing Si 2p core ofa coating prepa red from 
poly(dimethyl iloxane) depo ited on poly(ethylene terephtha late) film at 1.0 kW 

The elemental compo ition of the coating is presented in Table 6-9 
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6.3.4 The effect of poly(hydrogenmethylsiloxane) (PHMS) precursor flowratc 
and deposition power on coating chemistry 

In order to compare the effect of the precursor chemistry on the chemistry of the coating 

obtained, a second precursor - poly(hydrogenmethylsiloxane) was deposited. The sanle 

precursor flowrates and deposition powers were used as fo r the experiments with 

poly(hydrogenmethylsiloxane). It was expected that the presence of an i-H group on 

each silicon, replacing one of the Si-Me groups, would result in th precursor being 

more reactive, leading to the formation of more oxidised coatings. In addition, the 

reactivity of the precursor may lead to a change in the deposition rate. 

a) Coating Thickness 

The calculated thickness of the coatings deposited using PHM are shown in Figur 

6-17. The values were less predictable than those deposited using PDM . A max ima in 

thickness at intermediate flowrates was observed fo r deposition at 0.2 and 1.0 kW. 

Thick coatings were occasionally produced at 0.6 kW. 
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f igure 6- 17: T hickne of iloxane coating deposited onto PET film with varying 
poly(hyd rogenmethyl iloxane) precur or flowrate and depo ition power 
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Deposition at 0.2 kW with low precursor flowrates led to an increase in thickness with 

flowrate. Howe er, the use of flowrates greater than 100 JlI min-I led to a decrease in 

thickness. At 20 and 50 JlI min-I, deposition at 0.6 kW resulted in coatings whose 

thicknesses were greater than the depth of analysis of XPS. At the highest power, the 

thickness of the coating aried with no relation to flowrate. 

With the exception of d position in a power-deficient regime (0 .2 kW), the thi ckness of 

coatings generated from POMS rather than PHM was greater for the sam deposition 

conditions, Figure 6-18. This may be due to the reactivity of the PHM molecule, 

resulting in crosslinking in the gas phase rather than polyrneri sation at the surface, 

which could result in deposition of a thinner coating 
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precurso r nowrate and depo Ilion power_ MIS 109 pomts are where the COOX component relating 
to the ub trate wa not ob erved in the C 1 core level 

The coatings generated u ing APPLD of PDM and PHMS were much thinner than 

those deposited b Ward el a
l 51 using OMCT and TMCTS at the same precur or 

flowrate. Thicknes e of - 3 - 8nrn were typically generated from POM IPHM versus 

- 280 nm for OMCT MCT. This difference has been accredited to POM IPHM 

deposition being carried out on a reel-to-reel system at 4 mmin-I. Deposition of 
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OMCTS/TMCTS was carried out with the substrate static, with deposition for 10 

minutes. In some cases, the deposition rates were similar, at -30 nmmin-I. 

b) Coating Chemistry 

As the influence of the substrate has been removed using the curve-fitting process, the 

chemistry of the coatings was evaluated as a function of precursor flowrate for three 

deposition powers. In a similar manner to that used for ppSiOx deposited from POMS, 

the elemental composition of ppSiOx coatings from PHMS can be determined. 

However, the calculation is slightly different: 

[C] = 3[CM] + [Co] + [CT
] 

[0] = 1I2[OM] + 2/2[00
] + 3/2[OT] + 4/2[00 ] 

[Si] = [SiM] + [SiD] + [SiT] + [Sio] 

[1] 

[2] 

[3] 

In equation [1], there is now only one carbon associated with the D siloxy environment 

(compared with two for POMS). The number of carbons associated with T siloxy unit 

remains one, assuming that crosslinking from D to form T occurs via the Si-JI bond 

rather than the Si-CHJ bond, due to the lower bond energyl6. 

Using a deposition power of 0.2 kW, the coating chemistry was found to be relatively 

constant, irrespective of precursor flowrate, as observed for deposition using POMS 

under these conditions. However, as shown in Table 6-10 and Figure 6-19, whilst the 

coating primarily comprises D siloxy units, the concentration of T siloxy units is much 

larger (-20%) than for the corresponding experiment carried out using the 

poly(dimethylsiloxane) precursor (see Table 6-7 and Figure 6-14). 
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Precursor Propostion Si atoms (at %) Elemental Composition of 
Flowrate G coating (at. %) 
(J'lmin- l

) Si 2pl\I Si2pD Si2pT Si2pQ Oxygen Carbon Silicon 
20 3.7 64.7 31.6 0.0 1.12 35.5 33.4 3 1.1 
50 4.4 70.8 24.8 0.0 1.43 34.5 34. 1 3 1.3 
100 3.9 68 .6 25.2 2.3 2.18 35.5 33 .1 3 1.4 
200 1.7 73.6 22.9 1.8 1.55 35.8 32.4 3 1.8 
300 2.2 70.7 25 .8 1.3 2.08 35 .8 32.6 3 1.6 

Table 6-10: Si licon chemistry and elementa l composition of coating determincd from curvc-fitting 
Si 2p corc of a coating prcparcd from poly(hydrogenmcthylsiloxane) dcpositcd on poly(cthylcnc 
terephthalatc) film at 0.2 kW 
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Figure 6-19: Silicon chemistry determined from curve-fitting Si 2p core of a coating preparcd from 
poly(hydrogcnmcthylsiloxanc) deposited on poly(ethylcne terephthala te) film at 0.2 kW 

An increase in concentration of T siloxy species in the coating deposited from PHM 

compared with POMS, was reflected in the decreased carbon and increased oxygen 

concentration, Table 6-1 0. 

The silicon chemistry of coatings deposited from PHMS at 0.6 kW was similar to th 

chemistry of those deposited at 0.2 kW, with D and T siloxy units being most abundant 

Table 6-11 and Figure 6-1 9. However, a precursor flowrate of 300 ~Imin- l had a low r 

D concentration, and a correspondingly higher T concentration than the other precursor 

flowrates. 
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Precursor Proportion Si atoms (at %) Elemental Composition of 

F lowrate G coating (at. %) 
(Jllmin- I

) Si2pM Si2pD Si2pT Si 2pQ Oxygen Carbon Silicon 
20 4.3 70.5 24.1 1.1 2.23 34.9 33 .8 31.4 

50 3.6 71.3 25.1 0.0 1.44 34.8 33.7 3 1.5 
100 3.5 69.2 20.0 7.4 7.16 36.7 31.6 3 1.7 

200 5.3 69.3 20.1 5.3 1.62 35.4 33.1 3 1.4 

300 3.0 47.2 38.4 11.4 0.47 39.9 29.2 30.9 

Table 6-11: Silicon chemistry and elemental composition dete r mined from curve-fi tti ng i 2p core 
of a coating prepared from poly(hydrogenmethylsiloxane) deposited on poly(ethylene 
terephthalate) film at 0.6 kW 
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Figure 6-20: Silicon chemistry determined from curve-fitting Si 2p core of a coa ting prepa red from 
poly(hydrogenmethylsiloxane) deposited on poly(ethylene tereph tha la te) film at 0.6 kW 

The elemental composition of the coating is presented in Table 6-11 . The elemental 

composition appeared independent of PHMS flowrate, with the exception of deposition 

at 300 p,lmin- I where the oxygen concentration was significantly higher. This datapo int 

represented the thinnest coating deposited at this power, again suggesting that 

deposition of thinner coatings at the same power results in the format ion of more 

oxidised coatings. 

An increase in the concentration of Q siloxy units (the most oxidised form of sil icon) 

was observed for deposition using a 1.0 kW power, Table 6-12 and Figure 6-21. There 
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was no corresponding increase in the oxygen concentration, most likely due to the 

conversion of D and T units to Q. 

Precursor Propostion Si atoms (at %) G Elemental Compo ition of 
Flowrate coating (at. %) 

(J11min- l
) Si 2p~1 Si2pD Si2pT Si2pQ Oxygen Carbon Silicon 

20 6.9 71.6 17.0 4.4 1.07 34.3 34.3 3 1.4 

50 4.5 80.6 14.7 0.2 0.92 33.5 34.6 31.8 

]00 5.1 57.6 23 .3 14.0 0.64 38.6 30.1 31.3 

200 3.7 70.4 14.2 11.7 1.47 37.4 30.6 32.0 

300 2.9 69.5 12.4 15.2 0.9] 38.6 29.2 32.2 

Table 6-12: Silicon chemistry and elemental compostion determined from curve-fitting i 2p corc 
of a coating prepared from poly(hydrogenmethyl iloxane) dcpo ited on poly(ethylcnc 
terephthalate) film at 1.0 kW 
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Figure 6-2 J: Silicon chemi try determined from curve-fitting Si 2p core of a coating prepared from 
poly(hydrogenmethylsiloxane) depo ited on poly(ethylene terephthalate) film at 1.0 kW 

The hypothesis that the use of a PHMS precursor would result in an enhanced 

deposition rate was not proven in this case. In fact, PDMS resulted in the formation f 

thicker coatings, except at the lowest power deposition. Since it was not pos ible to 

isolate the effects of power and precursor flowrate, Yasuda s ' composite param ter,17 

was used as measure of the plasma conditions - W/FM where W = pow r· F = precur r 

flowrate; and M = molar mass. Silicon concentration, rather than thickness wa cho en 

as a measure of efficiency of deposition due to it being the average of five data point 
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rather than the value of one. An example of the energy per molecule calculation for a 

precursor flowrate of20 Jllmin-I, and power of200W follows: 

Precursor Flowrate, F = 20 Jllmin-I 

20 10-6 I ·-1 

Power, 

= X .mm 
= 20 x 10-6 x 0.903 kg.min- I 

= (20 x 10-6 x 0.903) / 60 kg.s- I 

= (20 x 10-6 
X 0.903) / (60 x 1.272) mol.s- I 

= 2.367 x 10-7 mol.s-I 

= 2.367 x 10-7 * 6.022 x 1023 molecule.s- I 

= 1.425 x 10-17 molecule.s-I 

W=200W 
= 200 J.s- I 

Energy per molecule = 200 J.s- I
/ 1.425 x 10-17 molecule.s- I 

= 1.403 x 10-15 lmolecule- I 

In Figure 6-22, the silicon concentration increases to a plateau as the energy per 

molecule increases for PDMS, with energy per molecule of poly(dimethylsiloxanc) -

PDMS. The contrary is true for poly(hydrogenmethylsiloxane) - PHMS. The Si-H 

bond of PHMS is known to be more labile than either the Si-CH3 or Si-O bond in 

PDMS, and as such, the reactivity of the molecules are different. More energy per 

molecule is delivered to PHMS as it was of higher molecular weight, and hence fewer 

molecules were nebulised. This could result in crosslinking in the gas phase rather than 

polymerisation at the surface. 

This has been evidenced by the formation of silica powder during deposition of PI IMS. 

Particles are often observed embedded in the coatings, and loose silica powder is found 

at the bottom of the deposition section of the deposition apparatus. 

Deposition of thick coatings from PHMS resulted at low energy per molecule. A higher 

energy per molecule value was required for deposition of PDMS. 
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6.4 CONCLUSIONS 

A method for curve-fitting the CIs and Si 2p core levels of siloxane coatings thinner 

than the depth of analysis of XPS has been developed when the substrate is 

poly( ethylene terephthalate) film. This has allowed the elemental composition of the 

coating to be determined in isolation of the substrate, and therefore allows the 

relationship between the coating chemistry and the plasma parameters to be determined. 

Understanding of this relationship is essential in the development of novel processes 

such as atmospheric pressure plasma liquid deposition, and leads to the deposition of 

coatings with controlled properties. 

This curve-fitting protocol has been used in combination with an algorithm to determine 

the film thickness and confirmed the coating to be continuous, rather than patchy. 

This work documents the first reported investigation of APPLD deposition power and 

precursor flowrate on coating thickness and coating chemistry for two precursors: 

poly(dimethylsiloxane) - PDMS, and poly(hydrogenmethylsiloxane - PHMS. Coatings 

generated from the PDMS precursor were thicker than those created from PHMS 

precursor, except for deposition in energy deficient regimes. 

For PDMS, the coating chemistry was found to be dependent on both flowrate and 

deposition power. Using low power, a polymeric coating was generated, comprising 

mainly Si 2pD siloxy species. An increase in Si 2pM siloxy species was observed for 

increasing flowrate. Using higher deposition powers resulted in a more oxidised 

coating being formed from the PDMS precursor. A more oxidised coating resulted from 

the use of PHMS under comparative deposition conditions. 
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CHAPTER 7 

OPTIMISATION OF COATING PERFORMANCE 
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7.1 INTRODUCTION 

It is expected that the hydrothermal stability of atmospheric pressure plasma liquid 

deposition (APPLD) coatings can be improved by either encouraging grafting of the 

coating to the substrate, or by increasing the cross-linking/network formation in the 

coating. Previous work has indicated that activation of the substrate prior to deposition, 

optimisation of plasma power, and plasma treatment of the coating can improve 

performance. This section describes the effects of these parameters on the surface 

chemistry and hydrothermal stability of deposits prepared using a linear 

poly(hydrogenmethylsiloxane) precursor. 

7.2 EXPERIMENT AL 

7.2.1 Atmospheric pressure plasma liquid deposition apparatus 

Siloxane coatings were deposited onto poly(ethylene terephthalate) films using Dow 

Coming Plasma Solutions Mark I atmospheric pressure plasma liquid deposition 

(APPLD) apparatus. The apparatus is described in detail in Chapter 3. 

Two experimental regimes were used during the deposition process in order to compare 

the effect of plasma treatment of the substrate prior to deposition, and plasma treatment 

of the coating following deposition. It was hypothesised that plasma treatmcnt of thc 

substrate prior to deposition may lead to enhanced hydrothermal stability through 

increased grafting. It was also believed that by plasma treatment of the coating 

following deposition, the crosslink density of the coating may be increased, again 

leading to improved hydrothermal stability. 
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The first experimental set-up relied on the film being passed through both ac ti vation 

zones prior to re-spooling the film. A further pass through the fi rst activation zon wa 

then carried out prior to deposition, shown schematically in Scheme 7-1 . 

Electrodes 

Plasma / 

Web in 

Scheme 7-1: Deposition proces illustrating the film being APP treated in two activation zone 
prior to the typica l a tmospheric pressure plasma liquid deposition process 

The second experimental set-up was used to investigate plasma treatment of a deposit d 

coating to evaluate its effect on improving the stabili ty of a coating. Here, a coating i 

prepared using the typical atmospheric pressure plasma liquid deposition confi guration 

as described in Chapter 6. The coating was then exposed to APP by passing it through 

two activation zones with no precursor introduction, Scheme 7-2. It is expected that thi 

plasma treatment step will increase crosslinking of the coating, leading to improved 

durabi lity. The hydrothem1al stability of the coating will be used as a measure of it 

durabi lity. 
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Electrodes 

/ 
Web in 

cherne -2: chematic of proce of atmo ph eric pres ure plasma liquid deposition followed by 
pia rna po t-treatment 

The substrate u ed in thi ork was pol (ethylene terephthalate), PET film. The PET 

film was 25 )..lm film. commercially a ailable from Goodfellow, UK. The precursor was 

linear pol (h drogenmeth lsiloxane) - PHMS, (10 cSt). Further information on the 

substrate and precur or is pre ented in Chapter 3. Deposition of the precursors was 

carried out at 4 mmin- I
. in a helium APP, using a gas flow of 15 slm. 

The plasma Po\ r condition ere varied as described in Table 7-1. PPre refers to the 

plasma power u ed to treat the sub trate prior to deposition. POep represents the power 

used during the pr cur or d po ition, whilst Ppost corresponds to the plasma power 

applied to the coating following deposition. The precursor was deposited onto 

pol (eth len t r phthalat) ub trate through helium plasma at I mmin-1
, using a 

precursor flo rat of 200 )..lLmin-
l
. Contact angle results presented are the average of 

both angle for thr e drop . 
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PPre P Oep Ppost Water contact ane:le, 0 (0) AO 
(k\V) (k\V) (kW) Before washing After washine: (0) 

0 0 0 70 na na 
0 0.5 0 108 ± 2 106 -2 

0.4 0.5 0 1l0±2 104 -6 
0.8 0.5 0 107 ± 3 103 -4 
1.2 0.5 0 105 ± 3 103 -2 
1.6 0.5 0 107 ± 1 105 -2 
2.0 0.5 0 110 ± 1 104 -6 
0 0.5 0.4 106± 2 106 0 
0 0.5 0.8 105 ± 0 97 -8 
0 0.5 1.2 106± 2 104 -2 
0 0.5 1.6 108 ± 1 108 0 
0 0.5 2.0 109± 2 109 0 

Table 7-1: Activation conditions for poly(hydrogenmethylsiloxane) precursor deposited onto 
poly(ethylene terephthalate) film 

portions of the coated film were immersed in boiling water for 30 minutes. Both the 

unwashed and washed samples underwent water contact angle analysis and XPS. 

7.3 RESULTS AND DISCUSSION 

7.3.1 Water contact angle analysis 

The 'as received' PET film had a water contact angle of 70°, which is as expected for a 

substrate containing significant amounts of oxygen in its molecular structure. High 

water contact angles ( > 100°) were observed for all deposits, independent of the 

substrate plasma treatment, or plasma treatment of the coating, Table 7-1. These 

contact angles would suggest that a low surface energy coating was present at the 

surface of the PET film, consistent with siloxane deposition. 

Whilst slight decreases in water contact angle occurred on some samples following 

immersion in water, there was no discernible relationship between these decreases, and 

the plasma processing parameters. The decreases in water contact angle indicate the 
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surface is becoming slightly more hydrophilic upon hydrothermal treatment. Ilowever, 

as the water contact angle remained far higher than for 'as received' PET film, we can 

conclude that the coating was not entirely removed. Partial coating removal, on a scale 

smaller than the probe liquid dimensions might account for slight reductions in the 

WCA or a change in siloxane coating chemistry to a more oxidised siloxy environment, 

which will be investigated using XPS. 

7.3.2 The effect on coating chemistry of plasma treatment of the substrate prior 

to siloxane deposition 

The appearance of silicon was noted for all conditions indicating that a siloxane coating 

had been deposited. The relative absence of substrate peaks in the CIs core level 

indicated that contrary to the coatings discussed earlier in this chapter, these coatings 

are continuous, and thicker than the depth of analysis of XPS. 

At low substrate plasma treatment power (PPre = 0.4, 0.8 1.2 kW), very little variation in 

the elemental composition of the coating was noted. With the use of higher powers, 

(PPre = 1.6,2.0 kW) an increase in oxygen in the coating was observed, Table 7-2. 

PPre PDep Ppost Relative Concentration (at. %) OIC OISi 

(k'V) (kW) (k'V) Oxygen Carbon Silicon 

0 0 0 0.0 NA 
0 0.5 0 30.4 38.7 30.9 0.79 0.99 

0.4 0.5 0 29.4 38.7 31.9 0.76 0.92 

0.8 0.5 0 29.2 38.5 32.4 0.76 0.90 

1.2 0.5 0 29.4 38.4 32.3 0.77 0.91 

1.6 0.5 0 34.6 34.0 31.4 1.02 1.10 

2.0 0.5 0 41.0 28.2 30.9 1.45 1.33 

Table 7-2: Elemental composition of deposits prepared by APPLD of 
poll(hydrogenmeth.)"lsiloxane) precursor where the substrate was plasmas treated with increasing 

P Prior to depostlOn 
Pre 
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As the elements detected are only related to the coating, with no effect of the substrate, 

it is possible to compare the O/C and O/Si ratios of the sample. The increase in both 

these ratios at high PPre suggests that the silicon oxidation state is increasing when the 

substrate is plasma treated prior to deposition. In addition, the carbons of the methyl 

groups bonded to silicon may also be becoming oxidised during the deposition process. 

These hypotheses will be affirmed by elucidating the carbon and silicon chemistry using 

the curve-fitting method described in Chapter 5 for the CIs and Si 2p core levels. 

The curve-fits for the C Is and Si 2p core levels of a coating prepared from atmospheric 

pressure plasma liquid deposition at 0.5 k W, with no substrate plasma treatment (Pl'rc = 

o k W) or plasma treatment of coating following deposition (Ppost = 0 k W) are presented 

in Figure 7-1. The majority of the siloxane coating is in the D and T environments. 

The results may then be compared to the curve-fits for coatings prepared using the same 

deposition power, but where the substrate was plasma treated with increasing power, 

prior to deposition, Figure 7-2 for C Is, and Figure 7-3 for Si 2p. 

Examination of the CIs core levels for each sample does not reveal the presence of the 

characteristic ester peak associated with the PET substrate. This confirms the 

hypothesis that under these conditions, a continuous coating, thicker than the depth of 

analysis of XPS, has been deposited. 

The C Is core level was curve-fitted using synthetic components assigned to C IsM, 

C 1 SD and C 1 ST. In addition, low intensity peaks assigned to C-O, C=O and COOX 

were also required to obtain a good fit in some cases. The intensity of these oxidised 
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carbon peaks increased with PPre. For the Si 2p core level, four components, 

representing Si 2pM, Si 2pD, Si 2pTand Si 2pQ siloxy environments were fitted. 

In agreement with the elemental composition, the chemistry of the coatings were similar 

for substrates treated at low powers. Where the substrate was plasma treated at 

PPre = 1.6, 2.0 kW prior to deposition, the chemistry was markedly different. The 

coatings had a far higher concentration of T and Q siloxy environments, with a 

corresponding decrease in the intensity of the D component. The data from the curve

fits are summarised for clarity in Table 7-3 and Table 7-4, for carbon and silicon, 

respectively. 
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treated prior to de po ition with increasing power. Top row left to right: PPre = 0.4, 0.8, 1.2 kW; 
bottom row left to right PPr. = 1.6 kW, 2.0 kW 
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PPrt PDep Ppost Relative concentration from CIs (%) 
(k\V) (k\V) (k\V) C-Si" C-SiD C-SiT C-O C=O coox 

0 0.5 0 9.2 70.8 18.6 1.4 0.0 0.0 
0.4 0.5 0 7.5 77.0 14.1 1.4 0.0 0.0 
0.8 0.5 0 13.0 72.9 12.2 1.9 0.0 0.0 
1.2 0.5 0 7.0 78.3 13.2 1.4 0.1 0.0 
1.6 0.5 0 8.5 69.9 17.0 3.7 0.3 0.6 
2.0 0.5 0 9.9 64.9 18.3 5.4 0.7 0.8 

Table 7-3: Chemical state of carbon for poly(hydrogenmethylsiloxane) precursor deposited on 
poly(eth)'lene terephthalate) film where substrate was plasma treated at various powers prior to 
deposition 

PPrt PDep Ppost Relative concentration from Si 2p (%) 
(k\V) (k\V) (kW) Si 2p\I Si2pD Si2pT Si2pQ 

0 0.5 0 5.2 60.2 31.6 3.0 
0.4 0.5 0 4.4 68.0 24.9 2.6 
0.8 0.5 0 7.8 65.3 21.7 5.1 
1.2 0.5 0 4.1 69.3 23.4 3.2 
1.6 0.5 0 4.0 49.3 23.9 22.8 
2.0 0.5 0 3.3 32.7 18.5 45.6 

Table 7-4: Chemical state of silicon for poly(hydrogenmethylsiloxane) precursor deposited on 
poly(ethylene terephthalate) film where substrate was plasma treated at various powers prior to 
deposition 
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7.3.3 The effect on coating chemistry of plasma treatment of the coating 

following siloxane deposition 

Again, the presence of silicon following deposition is indicative of the presence of a 

siloxane coating. Increasing the plasma power applied to the coating following 

deposition (Ppost), led to an increase in the oxygen concentration, Table 7-5. A 

corresponding decrease in carbon concentration was also observed, whilst silicon 

remained relatively stable. An exception to this trend was noted for the sample where 

Ppost = 2.0 kW. 

PPre POep Ppost Concentration (at %) OIC OISi 

(kW) (k\V) (kW) Oxygen Carbon Silicon 

0 0 0 73.8 26.2 0.0 0.36 NA 
0 0.5 0 30.4 38.7 30.9 0.79 0.99 
0 0.5 0.4 33.8 35.0 31.3 0.97 1.08 
0 0.5 0.8 33.7 34.8 31.3 0.97 1.08 
0 0.5 1.2 36.0 32.5 31.4 1.11 1.15 

0 0.5 1.6 40.3 27.6 32.1 1.46 1.26 
0 0.5 2.0 29.7 38.6 31.8 0.77 0.93 

Table 7-5: Elemental composition for poly(hydrogenmethylsiloxane) precursor deposited on 
poly(ethylene terephthalate) film where the coating was plasma treated with increasing values of 

Ppost 

As noted for the samples where the substrate was plasma treated at various powers, 

increases in the O/C and O/Si ratios suggest the silicon and carbon environments are 

becoming more oxidised when the coating is plasma treated with increasing Ppost. 

Again, this will be evaluated by curve-fitting the C Is and Si 2p core levels, Figure 7-4 -

figure 7-6. 
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Plasma treatment of the coating using increasing Ppost results in an increase in the more 

highly-oxidised silicon species I, namely Q siloxy units, as reflected in the increase in 

oxygen concentration, with corresponding decrease in carbon. In addition, an increase 

in the concentration of oxidised carbon species was noted. The variations in chemical 

state information for carbon and silicon with increasing Ppost are summarised in 

Table 7-6 and Table 7-7, respectively. 

PPre PDep Ppost Relative concentration (%) 
(k\V) (k\V) (kW) C-SiM C-SiD C-SiT C-O C=O COO X 

0.0 0.5 0.0 9.2 70.8 18.6 1.4 0.0 0.0 
0.0 0.5 0.4 5.7 73.8 17.1 3.2 0.1 0.0 
0.0 0.5 0.8 4.6 74.3 16.7 3.2 0.7 0.6 
0.0 0.5 1.2 3.2 75.5 16.1 3.6 0.8 0.7 
0.0 0.5 1.6 3.8 72.9 18.0 4.1 0.7 0.6 
0.0 0.5 2.0 9.7 69.6 16.7 3.8 0.3 0.0 

Table 7-6: Chemical state of carbon for poly(hydrogenmethylsiloxane) precursor deposited on 
poly(ethylene terephthalate) film where coating was plasma treated at various powers following 
deposition 

PPre PDep Ppost Relative concentration (%) 
(kW) (kW) (kW) Si 2pM Si2pD Si2pT Si2pQ 

0.0 0.5 0.0 5.2 60.2 31.6 3.0 
0.0 0.5 0.4 2.9 56.8 26.3 14.0 
0.0 0.5 0.8 2.4 58.5 26.3 12.8 
0.0 0.5 1.2 1.2 43.1 20.8 34.8 
0.0 0.5 1.6 1.1 31.9 15.7 51.3 
0.0 0.5 2.0 5.6 60.3 29.0 5.1 

Table 7-7: Chemical state of silicon for poly(hydrogenmethylsiloxane) precursor deposited on 
poly(ethylene terephthalate) film where coating was plasma treated at various powers following 
deposition 

As mentioned in the discussion of the elemental composition, there was an exception to 

the trend. The surface chemistry of the sample treated with Ppost = 2.0 k W was very 

similar to that of the coating that was deposited without any coating plasma treatment. 

Excessive plasma treatment of siloxane coatings is known to result in the formation of 

defects in the coating. These could then present a facile route for migration of short 
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siloxane oligomers from the bulk of the sample. This could result in a surface which 

appears similar to the sample with no Ppost. 

It could be expected to see a relationship between the extent of oxidation at the surface, 

as determined by XPS, and the water contact angle2
• The water contact angle would be 

expected to decrease with increasing abundance of oxygen, as the coating becomes 

more hydrophilic. However, this was not observed for these samples: despite an 

increase in oxygen under both deposition regimes, the observed water contact angles 

were all very similar, with an average value of 1070 ± 30
• 

This is most likely due to migration of low molecular weight siloxane oligomers to the 

surface in an attempt to lower the surface energy. This phenomenon is often observed 

in plasma treatment of siloxane materials3
,4,5. The difference in the 'depth of analysis' 

of both techniques is quite different: XPS analyses up to -8nm into the coating, whereas 

contact angles probe the outermost molecular layers of a surface <1 nm. Bain and 

Whiteside concluded that water droplets could probe to - sA beneath the surface6
• The 

surface of the coatings may be represented as shown in Scheme 7-3, and as such, the 

water droplet is more sensitive to the surface. 
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Scheme 7-3: Schematic of analysis of deposited poly(hydrogenmethylsiloxane) coating on 

poly(ethylene terephthalate) film using a) XPS at 90° take-off angle, b) water contact analysis 

Similar results were presented by Ward et af For an OMCTS deposit prepared in the 

presence of oxygen, the elemental composition as determined by XPS showed 25.5% 

carbon, 48.5% oxygen and 26.0 % silicon, and SiOx > I of 36%. The corresponding 

water contact angle was 56°, as would be expected for a highly oxidised silicon coating. 

However, samples prepared using TMCTS without oxygen, whilst exhibiting similar 

elemental composition (32.5 % carbon, 39.1 % oxygen and 28.4 % silicon, with SiOx > 1 

of 65%) had water contact angles of 102°, This suggests that the surface that the water 

contact angle is probing is not the same as that analysed by XPS. One would expect 

that the coating with the higher concentration of SiOx > I species would be more 

hydrophilic. However, the authors did not comment on the disparity between results. 
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7.3.4 The effect of boiling water immersion on the chemistry of coatings where 

the substrate was plasma treated prior to deposition 

In order to further evaluate the durability of the siloxane coatings, XPS was used to 

monitor the elemental composition and chemistry of some washed samples. This data is 

presented in Table 7-8, for samples where the substrate was plasma treated with 

increasing PPre prior to the deposition process. 

PPre PDep Ppost Concentration (at. %) ole O/Si 
(k\V) (kW) (kW) Oxygen Carbon Silicon 

0 0.5 0 29.9 35.4 31.4 0.84 0.95 
0.4 0.5 0 29.6 38.6 31.8 0.77 0.93 
0.8 0.5 0 29.3 38.7 32.1 0.76 0.91 
1.2 0.5 0 29.5 40.4 30.1 0.73 0.98 
1.6 0.5 0 31.6 38.5 29.9 0.82 1.06 
2.0 0.5 0 29.7 39.2 31.1 0.76 0.95 

Table 7-8: Elemental composition for poly(hydrogenmethylsiloxane) precursor deposited on 
poly(ethylene terephthalate) film where substrate was plasma treated at various powers prior to 
deposition. Samples immersed in boiling water for 30 minutes prior to analysis 

The ole and O/Si ratios of samples treated at low PPre (0.4. 0.8, 1.2 KW) did not vary 

significantly following immersion in boiling water. However, a large decrease was 

noted for both ratios for the samples prepared using PPre = 1.6 and 2.0 kW. This would 

suggest that the siloxane environment of the sample is becoming less oxidised. This 

will be affirmed by curve-fitting of the Si 2p core level spectra. 
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PPre PDep Ppost Relative concentration (%) 
(k\V) (k\V) (kW) C-Si"l C-SiD C-SiT C-O C=O COOX 

0 0.5 0 11.3 70.4 15.7 2.6 0.0 0.0 
0.4 0.5 0 14.1 73.8 9.2 2.8 0.0 0.0 
0.8 0.5 0 15.1 72.4 9.8 2.5 0.0 0.2 
1.2 0.5 0 17.3 67.1 8.8 5.4 0.5 1.0 
1.6 0.5 0 12.9 71.3 12.1 0.0 0.0 0.6 

2.0 0.5 0 13.0 71.9 12.2 1.7 0.6 0.6 

Table 7-9: Chemical state of carbon for poly(hydrogenmethylsiloxane) precursor deposited on 
poly(ethylene terephthalate) film where substrate was plasma treated at various powers prior to 
deposition. Samples immersed in boiling water for 30 mins prior to analysis 

PPre P Dep Ppost Relative concentration (%) 
(k\V) (kW) (kW) Si 2pl\l Si2pD Si2pT Si2pQ 

0 0.5 0 6.6 61.8 27.6 3.9 
0.4 0.5 0 8.4 65.9 16.5 9.2 
0.8 0.5 0 9.1 65.5 17.7 7.7 
1.2 0.5 0 10.9 63.3 16.6 9.2 
1.6 0.5 0 7.5 61.9 21.0 9.5 
2.0 0.5 0 7.5 61.9 21.0 9.5 

Table 7-10: Chemical state of silicon for poly(hydrogenmethylsiloxane) precursor deposited on 
poly(ethylene terephthalate) film where substrate was plasma treated at various powers prior to 
deposition. Samples immersed in boiling water for 30 mins prior to analysis 

Following immersion in boiling water for 30 minutes, the silicon chemistry of the 

coating was compared to the samples prior to immersion. The chemistry was similar for 

all samples following immersion in water, Table 7-10. With the major component 

being Si 2pD, no significant change was observed compared with the low PPre samples 

prior to immersion. However, the chemistry of the samples treated at high PPre were 

altered following immersion. A significant decrease in intensity of Si 2pT and Si 2pQ 

siloxy components was observed. It would be expected that this would be reflected in 

an increase in hydrophobicity, and thus water contact angle. However, a decrease in 

contact angle was noted, again highlighting the difference in analysis depths between 

XPS and contact angles. 
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7.3.5 The effect of boiling water immersion on the chemistry of coatings where 

the coating was plasma treated following deposition 

The change in elemental composition for samples prepared with increasing values of 

Ppost were also investigated following immersion in water, Table 7-11. 

PPre P Dep Ppost Relative Concentration (at. %) 
(kW) (kW) (kW) Oxygen Carbon Silicon 

OIC OISi 

0.0 0.5 0.0 29.9 35.4 31.4 0.85 0.95 
0.0 0.5 0.4 34.1 36.8 28.8 0.93 1.18 
0.0 0.5 0.8 31.4 38.3 30.2 0.82 1.04 
0.0 0.5 1.2 33.8 37.7 28.5 0.90 1.19 
0.0 0.5 1.6 35.8 36.3 27.9 0.99 1.28 
0.0 0.5 2.0 31.4 39.1 29.5 0.80 1.06 

Table 7-11: Elemental composition for poly(hydrogenmethylsiloxane) precursor deposited on 
poly(ethylene terephthalate) film where coating was plasma treated at various powers following 
deposition. Sample immersed in boiling water for 30 mins prior to analysis 

The trend observed for the unwashed samples was that OIC and OISi increased with 

increasing Ppost. except at Ppost = 2.0 kW, where the elemental composition was similar 

to that for the sample where no plasma treatment of the coating was carried out. 

Following immersion, the OIC and OISi ratios were found to have changed, but no trend 

was observed. It was noted that the OIC ratio for sample Ppost = 1.6 k W increased 

significantly. More details about the changes in chemistry will be obtained by 

examination of the curve-fitted C Is and Si 2p core levels, Figure 7-11 and Figure 7-12 

respecti ve I y. 
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The results of the curve-fitting are summarised in Table 7-12 and Table 7-13. As noted 

by the increase in OIC ratio for sample Ppost = 1.6 kW, an increase in oxidised carbon 

functionalities was revealed following the water immersion. 

PPre POep Ppost Relative concentration (%) 
(kW) (kW) (kW) C-SiM C-Sio C-SiT C-O C=O COOX 

0.0 0.5 0.0 11.3 70.4 15.7 2.6 0.0 0.0 
0.0 0.5 0.4 11.7 60.0 17.5 7.1 1.9 1.8 
0.0 0.5 0.8 9.7 70.0 14.7 4.3 0.4 0.8 
0.0 0.5 1.2 15.4 63.4 14.7 5.1 1.6 1.8 
0.0 0.5 1.6 15.0 60.0 12.3 7.5 2.2 3.0 
0.0 0.5 2.0 14.5 71.6 10.1 3.1 0.2 0.5 

Table 7-12: Chemical state of carbon for poly(hydrogenmethylsiloxane) precursor deposited on 
poly(ethylene terephthalate) film where coating was plasma treated at various powers following 
deposition. Sample immersed in boiling water for 30 mins prior to analysis 

As prior to immersion, the sample with the highest level of oxidised siloxy species: Si 

2pT and Si 2pQ environments, was also Ppost = 1.6 kW. This sample did see some 

decrease in these groups, with a corresponding increase in Si 2pD species. A large 

change in siloxane chemistry was also observed for the sample treated with Ppost = 1.2 

kW. 

PPre P Oep Ppost Relative concentration (%) 
(k\V) (k\V) (kW) Si 2pM Si2pD Si2pT Si2pQ 

0.0 0.5 0.0 6.6 61.8 27.6 3.9 
0.0 0.5 0.4 6.5 50.0 29.2 14.3 
0.0 0.5 0.8 5.6 60.2 25.3 8.9 
0.0 0.5 1.2 7.9 56.1 26.0 10.0 
0.0 0.5 1.6 8.2 49.0 20.2 22.5 
0.0 0.5 2.0 8.8 65.1 18.4 7.8 

Table 7-13: Chemical state of silicon for poly(hydrogenmethylsiloxane) precursor deposited on 
poly(ethylene terephthalate) film where coating was plasma treated at various powers following 
deposition. Sample immersed in boiling water for 30 mins prior to analysis 

In general, in no case is the characteristic shape of Cis for poly( ethylene terephthalate) 

visible. This indicates that the layer of siloxane material at the surface is greater than 

-10 nm, even after the washing procedure. 
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7.4 CONCLUSIONS 
Increasing the power of plasma treatment of the substrate, PPre led to similar coating 

chemistry for PPre = 0.4,0.8, 1.2 kW. However, increasing PPre to 1.6 and 2.0 kW led to 

the formation of more oxidised coating chemistry. Increasing the power of plasma 

treatment of the coating, Ppost led to increasingly more oxidised coatings. 

In all experiments, the siloxane coatings were able to withstand immersion in boiling 

water for 30 minutes. Some changes in the chemistry of the coatings were observed 

following immersion. Notably, at PPre = 1.6 and 2.0 kW, a reduction in oxidation of the 

coating was observed following immersion. A more highly oxidised siloxane overlayer 

wa removed by boiling in water, revealing the polymeric coating below. 

It was not possible to directly relate the chemistry of the coatings determined by XPS 

and their observed water contact angle. Water contact angles of> 100° were observed 

irrespective of the coating chemistry. It is believed that this is due to differences in the 

'depth of analysis' of the two techniques. Whilst XPS investigates around 8 nm of the 

coating, contact angles probe the outermost molecular layers « 1 nm). It is proposed 

that the migration of hydrophobic siloxane oligomers from the bulk of the coating to the 

surface account for the apparent discrepancy between results from the two techniques. 
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8.1 INTRODUCTION 
In the investigation of new technologies, such as atmospheric pressure plasma liquid 

deposition (APPLD), it is essential to understand the surface physicochemical properties of 

deposits that can be obtained. How these properties are affected by the parameters used 

during deposition, such as gas composition, plasma power and precursor flowrate are also 

of great interest. An understanding of the precursor chemistry, in addition to how the 

processing conditions can be varied to improve coating performance is also required. 

In this thesis, a complementary suite of surface analytical techniques: contact angle analysis, 

X-ray photoelectron spectroscopy (XPS), and atomic force microscopy (AFM) were used 

and data interpretation methods developed to determine the effect of various plasma 

parameters on the chemistry of surfaces modified by APP, or of coatings deposited by 

APPLD. 

8.2 A COMPARISON BETWEEN THE EFFECTS OF CORONA DISCHARGE 
AND ATMOSPHERIC PRESSURE PLASMA TREATMENTS ON 
POL YPROPYLENE FILM 

In Chapter 4, a detailed comparison of the surface physicochemical properties affected by 

various atmospheric pressure plasma treatments was undertaken using contact angle 

analysis, XPS and AFM. Corona discharge treatment in air, and atmospheric pressure 

plasma treatments generated from helium, heliumll % air and heliumll % oxygen were 

compared. The effects of such parameters as gas composition and plasma energy density 

on the surface energy, surface chemistry and morphology and stability were evaluated. 
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A methodology for the curve-fitting of treated polypropylene film was developed. This 

involved a comprehensive review of the literature, and an understanding of the chemistry 

generated by the surface modification technique. The interaction of the functional groups 

generated, in addition to the hydrolytic stability of the modified layer were investigated. 

Through optimisation of the process parameters, particularly gas composition and plasma 

power, the formation of low molecular weight oxidised materials (LMWOM) was 

minimised. Although some previous research comparing the effect of corona and nitgocn 

or helium atmospheric pressure plasmas have been identified l
,2, the novelty of the current 

study lies in the use of APP in reel-to-reel conditions. 

In the results reported by Massines et ai following treatment of polypropylene in helium 

plasma, a small concentration of nitrogen was observed in addition to the expected 

elements: carbon and oxygen. This was not observed in our work, except when air was 

added to the plasma gas. Corona discharge resulted in the incorporation of oxygen only, in 

agreement with the work of Guimond et aP and Strobel et ae. 

A decrease in water contact angle was observed following corona or atmospheric pressure 

plasma treatment of the polypropylene surface. As expected, this was due to incorporation 

of oxygen at the surface of the film. The amount of oxygen incorporated was presented as 

~(OIC), to enable future comparison between other polymer substrates. ~(OIC) increased 

with energy density for all treatment methods. Corona treatment led to the largest increase 

in MOle), with up to L\(O/C) = 0.18 at the highest energy density. APP in helium/air also 

reached this value, but required a higher energy density. By comparison, APP treatment in 

helium resulted in a L\(O/C) value of only 0.07. Helium/oxygen plasma increased ~(OIC) 

toO.16. 
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Here, it was found that corona discharge treatment resulted in a more water-soluble surface. 

This is in agreement with previous observations that the filamentary nature of corona is 

more damaging than plasma treatment l
. A measure of this was the change in ~(O/C) 

following immersion in water. The largest change in ~(O/C), a decrease to only 0.05. The 

surface generate by helium/air APP was much more stable, with ~(O/C) only decreasing to 

0.13. This is an important understanding as this water soluble layer to be detrimental to the 

adhesion of siloxane coatings, as it acts as a weak boundary layer. 

8.3 DEVELOPMENT OF A METHODOLOGY FOR THE XPS CURVE-FITTING 
OF THE Si 2p CORE LEVEL OF SILOXANE MATERIALS 

The requirement for a consistent method for curve-fitting of the Si 2p core level ofsiloxane 

materials was identified. In Chapter 5, the availability of proprietary materials 

characterised by 29Si NMR aided development of a methodology to determine 

unambiguous binding energy positions for silicon in Si 2pM [(CH3hSiOI/2], Si 2pD 

[(Cf-hhSi02l2], Si 2pT [(CH3)Si03d and Si 2pQ [Si0412] siloxyenvironments. 

Analysis of a high molecular weight PDMS homopolymer gave the binding energy position 

of Si 2pD to be 102.0 ± 0.1 eV. This was in good agreement with the value measured by 

Beamson and Briggs for PDMS oil4
, and used by Alexander et al in their curve-fitting of 

plasma deposits prepared from hexamethyldisiloxane5 and by Roualdes et al for deposits 

prepared from octamethyltrisiloxane and hexamethylcyclotrisiloxane6
• These values for the 

Si 2pD siloxy environment are of significantly higher binding energy than that used by 

Massines et a(, 101.5 e V, in their analysis of silane-based deposits. However, the rational 

for the component binding energies were not explained in this mancuscript. Again, good 
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agreement was found with the work of Alexander and Roualdes for the binding energy of 

Si 2pT siloxy environments at 102.8 eV. However, the binding energy ofSi 2pM and Si 2pQ 

determined in this thesis were different to those used by Roualdes, and those previously 

reported by O'Hare et at in a short communication. The BE values for Si 2p reported here 

confirm the trend of the BE increasing uniformly with increasing substitution of a methyl 

group with an oxygen atom, as estimated by Alexander et al. 

In addition, this work led to the novel observation that the C-Si component within the CIs 

core level could also be differentiated for carbon in the C 1 SM [H3C-Si(CI i))20112], 

C 1 sO [H3C-Si~H3)02l2] and CIs T [H3C-Si03d environments due to variation in the 

binding energy of the C-Si bond, depending on the number of oxygen atoms attached to the 

silicon atom. The current literature places the C-Si component at 284.4 ey4,5, as used in 

this work for C IsO. With the exception of a-OJ eV shift for replacement of a methyl 

group with a phenyl group4, no further differentiation of the C-Si component of the CIs 

core level could be found in the literature. The chemical structures and binding energy 

positions for CIs and Si 2p components are summarised in Table 5-7. Application of the 

method to data from compounds containing multiple, overlapping oxidation states, giving 

agreement to compsotion from 29Si NMR gives confidence in the validity of the method. 
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8.4 CHARACTERISATION OF THIN SILOXANE COATINGS PREPARED 
USING ATMOSPHERIC PRESSURE PLASMA LIQUID DEPOSITION 

The iterative Si 2p - CIs curve-fitting process has been used to elucidate the chemistry of 

thin siloxane coatings generated by APPLD, and to determine the elemental composition of 

such thin films without the influence of the substrate. Other potential uses for the method 

would be to providing understanding of the chemistry/property relationship for silicone 

release coatings 9 , the chemistry of siloxane barrier coatings and water-repellent, anti-

fouling, anti-stick or enhanced lubricity coatings. 

The effect of deposition power, precursor flowrate, and precursor chemistry on the obtained 

coating chemistry were investigated. Two siloxane precursors: poly(dimethylsiloxane -

POMS, and poly(hydrogenmethylsiloxane) - PHMS were evaluated. It was also possible 

to gain understanding of how the thickness of the coatings varied with plasma parameters. 

The elemental composition and chemistry of each coating was determined, and related to 

the deposition parameters. 

Use of the APPLD technique allows the preparation of plasma deposited coatings from 

liquid precursors. Previously, vacuum deposition using RF and microwave plasmas has 

been limited to gas- or vapour-phase monomer percursors such as hexamethyldisiloxane 

(HMDSO), tetraethoxysilane (TEOS), trimethylsilane, tetramethoxysilane (TMOS), 

tetramethyldisiloxane (TMDSO), and SiH4• The work has tended to focus on deposition to 

achieve barrier properties. Further work using corona, or dielectric barrier discharges has 

also concentrated on these precursors. The use of octamethyltrisiloxane and 

hexamethylcyclotrisiloxane has been documented to obtain siloxane membranes using low 
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pressure plasma6
• Recent developments using atmospheric pressure glow discharge utilised 

octamethyIcyclotetrasiloxane (OMCTS) and tetramethylcyclotetrasiloxane (TMCTS) low 

molecular weight polymers to achieve siloxane coatings with tunable chemistries to. In this 

work, we report on the deposition of linear siloxane polymeric precursors, of MW > 1000, 

namely poly(dimethylsiloxane) - (POMS) and poly(hydrogenmethylsitoxane) - (PIIMS). 

This enables the fonnation of coatings retaining the precursor functionality, which can be 

tuned to provide a range of chemistries from polymeric through to inorganic. 

8.4.1 Coating chemistry 
Siloxane coatings discussed in the literature typically had highly oxidised silicon chemistry, 

with the majority of the coatings being (CH3)tSi0312 and Si0412
tt ,t2,13" due to the addition of 

02 to the plasma, with the application being for barrier ·coatings. As reported here, it was 

possible to generate coatings from linear POMS retaining up to 95% siloxane in the 

polymeric [(CH3)3Si0\l2] and [(CH3)zSiOzn] fonns. By closest comparison, deposition of 

cyclic POMS retained up to 65% siloxane in a polymeric fonn6
,1O. 

It is believed that the increased chain length of the siloxane precursor used, and its lower 

reactivity due to it being linear rather than cyclic, is fundamental to the retention of the 

molecular structure of the precursor during deposition. Increasing the plasma power during 

deposition of linear POMS resulted in coatings containing a lower concentration of 

polymeric siloxane forms. Enhanced ablation of the methyl groups, followed by 

crosslinking are the most likely explanation for this. 

The use of a hydrogen-substituted polysiloxane as the precursor led to the formation of a 

more highly oxidised ppPSiOx coating at low and medium power, with (CIh)tSi0312 
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concentrations of -25% being obtained, compared with -7% when PDMS was deposited 

under the same conditions. A similar observation was made by Ward et allO
• This 

enhanced crosslinking is attributed to the more labile the Si-H bond compared with the Si-

o and Si-C bonds. 

8.4.2 Deposition rate 
The deposition rate was dependent both on the precursor flowrate and the plasma 

deposition power, and ranged between 10 and 30 nmmin't, the higher of which was 

comparbable to the work by Ward et al lO
• This led to the investigation of the energy per 

molecule for each precursor, using Yasuda's 'composite parameter - W/FM I
\ where W = 

power, F = precursor flowrate and M = molecular mass. 

As was shown in Figure 6-34, two different trends were observed for the efficacy of 

deposition. For PDMS, an increase in deposition was observed with increasing W/FM, 

reaching a plateau. This has been previously observed for APP polymerisation, and has 

been proposed to be due to saturation of the precursor at the surface 15. Increasing the 

partial pressure of the vapour did not result in enhanced deposition rate. This may be 

considered the equivalent to increasing the precursor flowrate at atmospheric pressure. 

Under the same deposition conditions, a decrease in efficiency with increasing energy per 

molecule was observed for PHMS, indicating a change in reaction behaviour. As has been 

observed for siloxane coatings deposited under vacuum, it is suggested that gas-phase 

reactions causing crosslinking and the formation of particulates rather than conformal 

coatings is occurringl5
• This is most likely due to the enhanced reaction rate expected for 

PHMS due to the lability of the Si-H bond l6
• This leads to excess gas phase reaction, 
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which results in the fonnation of oxidized silica particles in the gas phase prior to 

. . h b t 1215 I d· . deposItIOn onto t e su stra e . . n vacuum eposltlon systems, the low molecular 

concentration in the gas phase prevents molecules from colliding, reacting and forming 

such particles. In atmospheric systems, molecular collisions are more common and powder 

fonnation is more likely to occur. 

8.4.3 Coating thickness 
The coatings generated using APPLD of POMS and PHMS were much thinner than those 

deposited from OMCTS and TMCTS using the same precursor flowrate. Thicknesses 

between 3 - 8nm were detennined by a combination of angle-resolved XPS and a film 

thickness algorithm. 

8.5 IMPROVEMENT OF COATING PERFORMANCE 

Plasma treatment of the substrate prior to deposition had no effect on coating chemistry 

except at highest powers. Increasing the power of plasma treatment of the coating, Ppost led 

to increasingly more oxidised coatings, as observed by Roualdes et al. This is also in 

agreement with other groups where plasma treatment of siloxanes have resulted in 

increased oxidationI7.18.19. However, the water contact angle of the surface remained 

constant at - 103°, independent of treatment conditions. The water contact angle did not 

reflect the change in surface chemistry by XPS, as would be expected. 

Similar observations have been noted in the work by Ward et aZIO
• For an OMCTS deposit 

prepared in the presence of oxygen, the elemental composition as determined by XPS 

showed 25.5% carbon, 48.5% oxygen and 26.0 % silicon, and SiOx > I of 36%. The 

corresponding water contact angle was 56°, as would be expected for a highly oxidised 
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silicon coating. However, samples prepared usmg TMCTS without oxygen, whilst 

exhibiting similar elemental composition (32.5 % carbon, 39.1 % oxygen and 28.4 % 

silicon, with SiOx > I of 65%) had water contact angles of 102°. This suggests that the 

surface that the water contact angle is probing is not the same as that analysed by XPS. 

One would expect that the coating with the higher concentration of SiOx > I species would 

be more hydrophilic. However, the authors did not comment on the disparity of the 

observation. The proposed mechanism of migration of oligomeric siloxanes to the surface 

of the coating, as shown in Scheme 6-5, may account for this observation 1 9,20,2 1,22. 

8.6 FUTURE WORK 
There is a clear need for continued investigation of how the parameters used in APPLD 

effect the deposition of siloxane coatings. Tailoring the surface properties occurring from 

deposition of these materials is desirable in the generation of new coating technologies. 

Other properties such as deposition rate, durability and the reaction mechanisms may be 

identified through careful application of the methodologies outlined in this thesis, and are 

recommended for future work. Additionally, of key importance, is developing 

understanding of how the plasma parameters can improve coating durability. In all 

experiments, the siloxane coatings were able to withstand immersion in boiling water for 30 

minutes. This is believed to be the result of improved grafting and crosslinking of the 

coating have been identified as outcomes of varying plasma deposition parameters. 
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CHAPTER 9 

CONCLUSIONS 
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• It has been shown that atmospheric pressure plasma (APP) can lead to the same 

level of oxidation as corona discharge. The APP has been shown to be less 

damaging to the substrate, and leads to a reduction in the formation of low 

molecular weight oxidised materials, despite the use of higher energy densities. 

• A new methodology for curve-fitting of the XPS Si 2p and C Is core levels of 

siloxane materials has been developed using siloxane standards. This method 

has been expanded to be used on siloxane coatings thinner than the depth of 

analysis of XPS. This enabled the chemistry of the coatings to be determined 

without the influence of the substrate. 

• The chemistry of siloxane coatings deposited on poly(ethylene terephthalate) 

film have been related to the plasma parameters utilised during deposition. Up 

to 95% polymeric siloxane [(CH3)3SiOI/2 and (CH3)2Si0212] have been retained 

for deposition of poly( dimethylsiloxane) precursor. The use of a 

poly(hydrogenmethylsiloxane) precursor led to a more oxidised coating, with up 

to 25% siloxane in (CH3)Si0312 environment. The trends in deposition rate for 

PDMS and PHMS were also found to be different. 

• Siloxane coatings durable to immersion in boiling water for 30 minutes have 

been achieved by plasma treatment of the substrate prior to deposition, and by 

plasma treatment of the coating following deposition. It is believed that 

improved grafting and enhanced crosslinking, respectively are the mechanisms 

behind this performance improvement. 
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