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Abstract

Increased understanding of plasma-polymer interactions is required to
further the technological use of such processes, and elucidates heterogeneous
physico-chemical reactions which occur under bombardment by complex
combinations of energetic species. This thesis presents a systematic investigation
into the effect of exposing organic and inorganic polymeric surfaces to controlled
non-isothermal plasmas. Concurrently, a novel process is presented by which
metal oxide gas barrier coatings are synthesized on polymer substrates by non-
isothermal plasma treatment.

Organic polymers exhibiting a range of structures were modified usihg
non-isothermal plasmas at atmospheric and low pressure. The extent of
atmospheric discharge oxygenation, measured by X-ray photoelectron
spectroscopy (XPS), correlated with the polymers' ozonolysis rate constants.
Surface physical disruption, studied using atomic force microscopy (AFM), after
atmospheric discharge treatment was more pronounced than after low pressure
plasma treatment. During low pressure oxygen plasma treatment, polymers
containing phenyl groups were oxygenated to an extent which varied with the
strength of n—n* valence band excitation in XPS C(1s) spectra of the untreated
polymers, suggesting a dominance of reaction of plasma atomic oxygen at
polymer radical sites excited by plasma vacuum ultraviolet radiation. The size of
globules, observed by AFM, on the plasma modified surfaces correlated with the
extent of surface chemical modification, inkeeping with a mechanism of
chemically driven agglomeration of plasma oxidized low molecular weight
polymer material.

Oxygen plasma was more effective than water plasma in chemically
modifying the surface of films of zirconium-normal-butoxide spin coated on
polyester substrates, and the resulting optimized treatment produced a
significant reduction in gas permeation of the substrate. XPS studies showed
that oxygen plasma treatment of a polyphenylsilsesquioxane film on polyester
film created a SiO, layer less than 8 nm thin, which reduced O, and Ar
permeation of the coated film by 37.5 % and 31.6% respectively.
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Chapter One

Chapter One : Introduction to Gas Barrier Materials and Plasma

Surface Modification

1.1 GAS BARRIER MATERIALS

1.1.1 Introduction

Polymers are characteristically cheap, light, tough and easily processed,
ideally suiting them to packaging for electronics, pharmaceuticals, speciality
chemicals and food products!l. However, the high degree of molecular motion of
polymers which accounts for many of their attractive physical properties also
makes them greatly more gas permeable than dense materials such as metals and
ceramics?. |

The shelf lives of many food products rely heavily on the gas permeability
of their packaging3. Improvement of polymer gas barrier properties through
chemical and morphological tailoring of materials3, or coating with an effective

gas barrier film5, therefore greatly enhances the value of such products.

1.1.2 Requirements For Food Packaging Materials

Each food has specific gas barrier requirements; some foods require
certain gases to permeate their pack in order to remain fresh3 whilst some are
packed in modified gas atmospheres which need to be maintained. The main
gases of concern are: oxygen, which causes fats to go rancid but is required by
fruit and vegetables for continued respiration and ripening; water vapour, which
can spoil the texture of foods and accelerate microbial spoilage; and carbon
dioxide, containment of which is required for carbonated drinks.

The list of requirements for food packaging materials is demanding, and
often can only be fulfilled by combining several materials in a multilayer
structure which is expensive to make and difficult to separate for recycling®. The
ideal food packaging material would be stable to high temperatures, chemically

resistant, transparent, microwaveable, metal detector compatible, printable, not
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damaged by strain and crumpling, impermeable to specific odours and gases,
and would selectively allow some gases to permeate. Recent legislation has also
put environmental demands on packaging materials”-?, so that alternatives are
sought for widely used halogen containing gas barrier polymers, such as
polyvinylidinechloride, PVdC, which release halo-carbons upon incineration.
Thin ceramic coatings, such as alumina and silica, can match the high gas
barrier performance of metallized polymer films!0-13, and solve many of the
problems inherent in metallized packaging. The latter suffers from being
opaque, unreclaimable, unmicrowaveablel4, and expensive and energy intensive
to produce®. Metal oxide coated film can be recycled, the thin coating becoming
an inorganic filler in subsequent conversions®. Current draw-backs of these
coatings include yellow colouration of substoichiometric oxides1® and brittleness
which makes them susceptible to barrier loss through physical damage during

conversion and transportation11:13,14,16,
1.1.3 Solution, Diffusion and Permeation

Permeation is the passage of species through a material under the driving
force of a concentration gradient!”. This process can be regarded as activated

diffusion3, the activation being the sorption and solution of species in the

material. The solution step favours permeation of more condensable molecules

whilst diffusion favours more concentrated and smaller molecules18,19.

The steady state flux of a certain gas through a particular material is

determined by three variables20.21: diffusivity, D, solubility, S, and pressure

gradient, dp/4x, of the permeating species, Equation 1.
J=Dsdp/4x | | Equation 1

Diffusivity, D, relates the permeant flux, J, to the concentration gradient,

Equation 2, expressing Fick’s First Law of diffusion?2.

J=-D (dC/qx) Equation 2
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Solubility, S, relatés the concentration, C, of a permeant in the material to the
partial pressure of that permeant, p, in the gas phase, Equation 3; this

relationship holds for sorption in which Henry’s Law is obeyed?3.24.

C=Sp Equation 3

Solubility and diffusivity data are available for most gas-polymer systems25:26.

These coefficients combine to give an overall permeability coefficient, P = DS, for

the solution-diffusion process27.28, Equation 4.

J=Pdp/dx Equation 4

1.1.4 Reducing Gas Permeability

Polymers with pinholes, cracks or voids are highly permeable due to gas

phase diffusion, and attempts to model permeation assume the absence of these
imperfections?>26. Polymer characteristics which favour low gas permeability
include low free volume fraction2%30, high cohesive energy density (strong inter-
chain forces)25, high chain stiffness?6, high degree of chain alignment31,32, high
crystallinity and high glass transition temperature31,3334, high polarity3 and
weak interaction with the permeant3. The permeaﬁilities of a range of common
polymeric substrates and coated polymers to oxygen and water vapour are

presented in Table 1.135.
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Low Density Oriented Polyethylene- Polyvinyl-
Polyethylene | Polypropylene| terephthalate | idinechloride
(PET) Coated PET
Base Polymer
O, Transmission Rate 5000 1600 58 9
(cc m”* day™)
Metallized Polymer
O, Transmission Rate 38 20 1.6 0.8
(ccm® day”)
Base Polymer
H,O Transmission Ratg 17 6 46 11
(ccm® day”)
Metallized Polymer
H,O Transmission Rate 0.8 1.5 0.7 0.5
(ccm® day”)

Table 1.1 Oxygen and water vapour permeability of some common substrate and

metallized packaging polymers35.

Gas barrier coatings reduce the rate of permeation by frustrating the
solution and diffusion of gas species in the substrate36. This can be achieved by a
combination of blocking polymer pinholes and amorphous regions, providing a
surface in which the gas is only sparingly soluble3?, providing only tortuous
diffusion paths through film defects and grain boundaries36-3%, and 'pinning'
otherwise flexible groups which allow diffusion in the substrate polymer40,
Investigations have suggested that gas barrier performance is highly sensitive to
both physico-chemical structure and adhesion at the polymer-coating

interfacel44041, and that polymer surface preparation before coating is of prime

importance®.

1.1.5 Barrier Coating Technology
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Gas barrier coatings have been produced on polymers using a variety of
techniques: inert and reactive evaporation of metals and metal oxides!442;
electron-beam43-45 and magnetron!! sputtering of a target material; plasma
polymerization of oxygen containing organic barrier films#647 and plasma
enhanced chemical vapour deposition from siloxanes!l15.  The cost
competitiveness of films coated using these methods is limited by low line
speeds!!, the cost of raw materials such as silica® and batch operation in
complicated, expensive vacuum equipment44,

A novel gas barrier film production method is explored in this thesis, in
which a polymer substrate is coated with a solid layer of precursor material and
subsequently exposed to a non-isothermal gas plasma environment to form an
inorganic surface layer. This process shows potential for fast barrier coating of
organic substrates at low temperatures using cheap, non-toxic precursor

materials, and the possibility of an atmospheric pressure continuous coating

process.

1.2 PLASMA MODIFICATION OF POLYMER SURFACES
1.2.1 Advantages Of Plasma Surface Modification

Polymer-gas interfaces are typically characterized by a low-energy,
smooth, pin-holey, permeable and unfunctionalized polymer surface which is
unsuitable for many industrial applications48. The value of polymer film may be
greatly enhanced, without mechanical compromise of the underlying bulk

material, by selective physical and chemical modification of the outer few

molecular layers.

Of the various competing surface-selective modification techniques that

exist, plasma treatment often proves to be the most suitable method due to a

number of advantages detailed below.

1) Plasmas react with surfaces to modify only the outermost atomic layers
(less than 1 pm) whilst the bulk is not deformed nor degraded from its originally

engineered specification9-52.
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2) Ions, electrons and metastable excited particles in plasmas possess

energies of 1 eV to 5 eV, which are ideal for bond breaking and are not attainable

in conventional or photo-chemical reactions®3.

3) Non-equilibrium plasmas allow energetic reactions to occur at the surface
of temperature sensitive substrates without heat damage>3.

4) Levels of modification can be obtained within seconds of plasma
treatment compared to many minutes for conventional modification

techniques®4.
5) Plasma treatment can modify the entire surface of irregularly shaped

objects®.

6) Hazardous substances need neither be used nor produced.

In summary, plasma modification is a quick, precise, clean, solventless

process in which low electrical powers are used efficiently to achieve surface-

selective modification.
1.2.2 Plasma Parameters

1.2.2.1 Definition and Parameter Range

Plasmas, usually recognizable as regions of glowing gas, are familiar in
nature in the form of stars, lightning and flames, and throughout modern
buildings as fluorescent lighting. In their range of particle density and energy,
Figure 1.1, plasmas vastly outweigh solids, liquids and gases®®, however, they
have only relatively recently gained classification as the 'fourth state of matter.’

Understanding of the interactions between plasmas and solid surfaces,

meanwhile, is in its very early stages.
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Figure 1.1 Regimes of plasma particle density and energy.

A plasma is defined as a volume of quasi-neutral ionized gas, meaning
that the overall numbers of positive and negative charge in a plasma are equal®>,
in which local concentrations of charge dominate the motion of particles giving
rise to collective behaviour5”.

A discharge is initiated by the acceleration of randomly occurring free
electrons in an applied electric field>8. When sufficient energy is available for
free electrons to ionize gas molecules by inelastic collision®®, the discharge
current rises and an equilibrium is established between ion production, through
ionization, and ion loss, through recombination with electrons and diffusion to
surrounding surfaces®®.

Sections 1.2.2.2 through to 1.2.2.6 introduce physical parameters and

conditions which describe plasmas.
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1.2.2.2 Thermal and Non-equilibrium Plasmas

Regimes of number density and 'temperature’ (average energy) of plasma

particles characterize particular types of gas discharges®®, Figure 1.1.

Electromagnetic energy used to initiate and sustain discharges causes greater
acceleration of electrons than of massive charged particles”. In a low pressure
(10-5 to 1 mbar) plasma the low rate of electron-neutral collisions ensures energy
non-equilibrium, and a cold plasma is produced>®.

In such non-isothermal plasmas, electrons with temperatures, Te, of up to
10 eV (equivalent to a mean temperature of 1.2 x 10° K) initiate a broad range of
excitation and ionization processes. However, the temperatures of neutral and
ionized gas species, Tg and Tj respectively, remain sufficiently low, Inequality 1,
to allow temperature-sensitive materials to be immersed in the reactive plasma

medium without thermal damage5.
Tg<Ti<<Te Inequality 1

The distribution of energy amongst plasma electrons determines the rate
of electron induced reactions. This distribution function, modelled by a
Maxwellian function for equilibrium plasmas, Figure 1.2, and a Druyvesteyn
function for non-equilibrium plasmas, shows that significant numbers of

electrons are available in the plasma to initiate processes with activation energies

well above the most probable electron energy>.
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Figure 1.2 Maxwellian electron energy distribution model™,

1.2.2.3 Debye Shielding

Plasma quasi-neutrality is ensured by mobile electrons which rapidly
redistribute to cancel any charge imbalance; a process known as Debye

shielding57.
The Debye length, Ap, is the distance over which charge imbalance can

exist in a plasma®®, Equation 1.

Ap = (€,kT./ne2)1/2 Equation 1

k = Boltzmann's constant

where g, = permittivity of free space
-n = electron number density

T, = electron temperature

e = charge of an electron

The potential, V(x), produced by a local charge in the plasma, g, is
attenuated exponentially by electron shielding with a decay length of Ap®,

Equation 2.
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V(x) = (q/4meyx) exp (-x/Ap) Equation 2

For Debye shielding to be effective in restricting charge imbalance to small

volumes of the overall quasi-neutral plasma, the characteristic dimension of the

discharge, L, must be large compared to the Debye length38, Inequality 2.
L>>Ap Inequality 2
1.2.2.4 Plasma Frequency

Movement of electrons to shield charge imbalances results in their
oscillation with a characteristic frequency called the plasma frequency>7, ap,

Equation 3.

Wp = (ne?/mee,) 1/2 Equation 3
where me = mass of an electron

Electrons of average thermal velocity ve travel a distance Ap in one

oscillation7, Equation 4.
Wp =Ve/AD Equation 4

If an electric perturbation with a frequency less than the plasma frequency

is applied, then electrons can respond fast enough to shield the plasma from the

applied field>7.
1.2.2.5 Plasma Sheath

Plasmas are maintained at a mean equipotential positive with respect to
earth, referred to as the plasma potential®6. An electrically isolated object placed

in a plasma receives a greater flux of electrons than of ions, since the average

10
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electron velocity is much larger than the average ion velocity. A net negative
charge builds on the object until it reaches a potential which repels electrons
enough to balance their greater flux: this potential is called the floating
potential®6 which is negative with respect to the plasma potential.

The lack of energetic free electrons in the region around the charged object
reduces the intensity of electron impact excited radiation processes, producing a
visible dark space or plasma sheath between the plasma and the surface of the
object®”.

The plasma sheath acts as an active filter, modifying the majority of
neutral species diffusing from the plasma and a proportion of the ions by
reactive collisions, accelerating positive ions towards the negatively charged

surfaces and allowing up to 70% of plasma emitted vacuum ultraviolet radiation

through to surrounding surfaces®0.
1.2.2.6 Supply Frequency

Direct current (dc) diode plasmas may be used in sputter deposition
processes, however insulating samples may not be used as a sputter source since
these materials build up charge which quickly extinguishes the discharge®”. In
such situations a continuous discharge is obtained for alternating current (ac)
supplies above 100 kHz; this also allows inductive or capacitative coupling of
electrical power into the plasma, in which electrodes may be external to the
discharge chamber, Figure 1.3. The industrial standard radio frequency of 13.56
MHz has been widely adopted; such radio frequency plasmas can operate at
pressures as low as 0.1 mTorr with much more efficient ionization than dc
discharges®’. For alternating current plasmas, the impedances of the signal
generator and the coupling device need to be matched using an electronic

network, and radio frequency shielding of the discharge may be required to

protect other sensitive electronic equipment8,

11
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(@) |

Figure 1.3 Plasma coupling configurations (a) Capacitative and
(b) Inductive.

Higher frequency plasmas, supplied by microwave sources at 2.45 GHz,
are more efficient still at producing ionization, however radio frequency plasmas
may produce a higher proportion of a desired chemically reactive species so that
both of these frequencies have been used simultaneously®l. Magnetic fields have
been used to electromagnetically confine and densify plasmas, and can be used

to sustain electron cyclotron resonance (ECR) above a critical field threshold62.
1.2.3 Chemical Physics of Polymer-Plasma Interactions
1.2.3.1 Introduction

To understand how plasmas interact with polymer surfaces requires a
knowledge of the natures, energies and fluxes of species within the plasma bulk
and at the surface of interest. A substrate exposed to energetic electrons, ions,
atoms, radicals, metastable excited species and photons from a plasma usually
undergoes a great variety of chemical reactions and physical modification
processes. Processes by which plasma species react homogeneously, within the
gas phase, and heterogeneously, with solid surfaces, are discussed in sections
1.2.3.2 and 1.2.3.3 respectively, and physical modification of polymer surfaces is
introduced in 1.2.3.4.

1.2.3.2 Homogeneous Plasma Reactions

12
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Gas phase reactions consist of those between electrons and heavier
species, and between the heavier species: ions, molecules, atoms and radicals 6.

Inelastic collisions of electrons with gas species form a wide range of
reactive plasma species even for simple gases: free radicals, excited metastable
molecules and ions®659. Electrons may attach to gas species with or without
dissociation of the latter, forming ions; gas species may be dissociated into
neutral fragments through an excited intermediate; gas species may lose an
electron forming atomic or molecule positive ions, and electrons may recombine
either with molecular ions with dissociation of the molecule, or with atomic ions
(rare), emitting a quantum of radiation.

Excitation of atomic or molecular species by electrons, Reaction 1, is
followed rapidly for most species by radiative relaxation, producing the plasma'’s
wide range of electromagnetic emission which extends into the soft X-ray
regionf0. Some species are promoted into metastable excited states which exist

long enough to undergo further reactions.

e+ AB->e+ AB* Reaction 1

Reactions between ions, molecules, atoms and radicals are dominated by
radical-molecule events, since ions are relatively rare compared to complete and
dissociated gas molecules®®. These reactions allow interchanges between
molecular groupings, the creation and neutralization of ionic species and the

release of excess reaction energy as electromagnetic radiation56.58,59,
1.2.3.3 Polymer-Plasma Heterogeneous Reactions

Chemisorption of, and energetic bombardment by, gas phase plasma
species at exposed surfaces leads to competition between chemical modification
and chemical etching of the substrate®3. Radicals are about 1000 times more
abundant than ions in a non-isothermal plasma, have a high probability for
chemisorption on surfaces® and have high reactivity with many surface species.

Heterogeneous reaction between radicals can form polymers (termed ‘plasma

13
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polymerization’) or chemically functionalized groups at the substrate
surface56:64. Volatile reaction products desorb into the plasma-boundary layer

completing the process of surface chemical etching.

Molecular positive ions are accelerated to the substrate surface by the
floating potential. A proportion of the ions' kinetic energy is transformed into
internal energy often causing dissociation into their constituent atoms and
radicals. These dissociated species react with surface groups forming new
chemical species, such as oxides, nitrides and carbides from Oz*, No* and CHy*
ions respectively>6:65.

Only electrons from the high energy tail of the population are able to
transverse the negative potential gradient of the sheath: those still possessing
- kinetic energy above the threshold for surface reactions may break surface
bonds, forming radicals and new molecular species®. Electron beams have been
used in this mode to cross-link polymer surfaces®.

Surfaces allow de-excitation of metastable molecules through collisions
and recombination of plasma atoms at catalytic adsorption sites, both processes
donating thermal energy to the substrate3®.

Radiation, ranging from visible photons to soft X-rays, bombards surfaces
immersed in low pressure plasmas®0 since at this pressure the mean free path of
photons are typically many times greater than reactor dimensions®®. UV
photons are strongly adsorbed by organic surface groups, creating reactive

radical sites which initiate subsequent chemical functionalization and cross-

linking reactions®.

1.2.3.4 Plasma Physical Modification of Polymer Surfaces

Collisions of low energy (about 1 eV) plasma species of all types with
surfaces provides thermal energy allowing migration or desorption of surface
species. The former process may improve step coverage and density of a
growing surface film and promote growth of a well defined microstructure
whilst the latter may lower the level of volatile contaminants in the filmé8.

Plasma positive ions are accelerated towards surfaces at energies up to the

sheath potential®®. Collision cascades of neutralized ions in the surface region

14
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cause lattice damage, ejection of secondary material (sputtering)’0 and
implantation”]. Sputtering of electrically biased surfaces is highly anisotropic,
preferentially removing material in a direction normal to the surface; high
aspect-ratio features can therefore be plasma-etched to produce ultra large scale
integrated circuit patterns7273. Material removal through energetic ion collision
may be used to clean surfaces’4, and may lead to surface roughening or
smoothing?>.

Polymer etch rate in plasmas depends upon plasma conditions and
polymer composition and structure; the rate is higher when discharge
parameters favour electrons in the high energy tail of the energy distribution”0,
at long treatment times’6.77, at high powers”’, and when a moderate fraction
(about 10%) of fluorine containing gases are present in the plasma78.79. Plasma
etch rate increases with polymer chain oxygen content80, is greater for aliphatic
than for aromatic polymers”2, and can be greatly reduced by the presence of
metals such as silicon and tin in the plasma treated surface since refractory
oxides are formed8l. Molecular orbital modelling of the attack of plasma species
at saturated and unsaturated polymer sites confirms that aromatic polymers are
relatively resistant to etching compared to aliphatic polymers81, 83,

Substrate molecular weight may be increased during plasma treatment, as
a result of radical recombinations in the surface, or decreased by chain scission,
as in the case of oxygen plasma treatment of polymers72.

Depth of penetration of plasma species into the surface varies with
substrate material, and is typically 10 to 100 nm for massive particles with

energies of about 1 eV884, and a few microns for photons in the ultraviolet

region85, 67,
1.2.3.5 Synergistic Processes

It has been observed that bombardment of surfaces by a combination of

energetic radicals and photons86, or ions and photons87, produces greater
chemical functionalization and material removal than the sum of the individual

components. The overall effect of plasma surface treatment is thus a complex
synergistic modification88.

15
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1.2.4 Polymer Properties Modified By Plasma Treatment
1.2.4.1 Wettability and Adhesion

The ability of plasma treatment to increase adhesion to a variety of
materials’889-97 is particularly important in the industrial use of polymer
surfaces and other inert, hydrophobic materials. Contact with an oxygen
containing plasma introduces chemical groups into the surface which increase
surface energy and provide polar groups for hydrogen bonding®. Other
adhesive benefits may be gained from the ablative cleaning effect which removes
weakly bound surface layers, and crosslinking of polymer chains which increases
internal strength and cohesion of the surface9%,100,

Plasma surface functionalization increases surface free energy and
therefore can be used to obtain surfaces with a controlled degree of wettability101
or with wettability gradients102. Bond strengths between polymers and metals

are increased several times within seconds of He - Oy plasma treatment?3.
1.2.4.2 Gas Permeability and Selectivity

Alteration of polymer membrane gas permeability by plasma treatment
may be due to surface cross-linking, chemical functionalization or topographical
changes!03. Changes in permeation selectivity of polymers occur during CF4
plasma fluorination104, however, the absolute barrier to oxygen and water
vapour achieved by non-polymerizable gas plasma treatment does not compete
successfully with deposited films105. Gas barrier applications in which a
laminated layer of metall06, metal oxide%5:96 or polymerl%7 is used as the barrier
component, often use substrate plasma pre-treatment to increase coating

adhesion.
Organic gas barrier films have been deposited onto polymer substrates by

plasma polymerizationl08 and inorganic gas barrier films by plasma enhanced

chemical vapour deposition (PECVD)1516,61,95,109,

16
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1.2.4.3 Biocompatibility

Bulk material chosen for a biochemical engineering application can be
rendered cell-compatible!10, hydrophiliclll, ion permeablel12 and crosslinked112
by plasma surface treatment. This allows the material's use in biologically

sensitive situations such as tissue -traysllo, immuno-sensorsl1l jon exchange

membranes!12 and catheters!10.
1.2.4.4 Roughness and Friction

Plasma sputtering modifies surface topography, as observed by various
microscopies®37381.  Plasma treatment can be used to roughen surfaces to

increase friction!: or to improve coverage of lubricants for low friction

surfaces112,115,
1.2.4.5 Hardness and Wear

Plasma surface nitriding of metals, at high substrate temperatures and
with very high voltage (40 kV) thermal plasma pulses, is used to case-harden
machine tools and other hard wearing mechanical components>®. Polymer
surfaces may be hardened by silane low temperature plasma treatment of an
organo-polysiloxane coating; the composite structure is heat, weather and wear

resistant and is used in building materials and as rollers for copying machines116.
1.2.4.6 Electromagnetic Properties

Surface plasma oxidation by plasma treatment alters electromagnetic

properties through modification of the surface material's electronic structure.
Applications include haze-proof optical coatings for lenses and windows!1?,
semiconductor films for carbon monoxide detection!l8, magnetic polymer

films!19, and deposition of solar cells, waveguides and light modulators120.

1.2.5 Summary

17
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Plasma is a complex, energetic state of matter which has many advantages

for a variety of surface engineering applications. Non-isothermal plasmas

induce novel combinations of chemical and physical surface modifications, and

may be applied successfully in a number of industrial processes.
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Chapter Two

Chapter Two : Silent Discharge Versus Low Pressure Plasma

Treatment Of Five Hydrocarbon Polymers

2.1 INTRODUCTION

Electrical discharge treatments of polymeric substrates for improved
adhesion and printability”® rely upon chemical” and topographical” surface
modification. Plasma parameters in atmospheric and low pressure electrical

discharges differ strongly, Table 2.1, and are expected to strongly affect the

modes of surface modification using these two types of discharge.

Parameter

Atmospheric Pressure
R. F. Discharge

Low Pressure

R. F. Discharge

Pressure range 0.1 to 10 bar 10° t0 10™ bar
Electric field range 0.1to 100 kV/cm 1t0100 V/cm
Average electron energy 1to10eV 1to3eV
4 3 12 13 -3
Electron density 10 cm 100 t010 cm
4 -5
Degree of ionization 10 10

Radiation wavelengths

visible to 300 nm

visible to 100 nm

Table 2.1 Plasma parameter ranges for silent and low pressure discharges’.

2.1.1 Atmospheric Pressure Air Discharge

A 'silent’ discharge, also referred to as a 'dielectric barrier' discharge, is an

atmospheric pressure non-equilibrium plasma. It consists of a large number of
bright, filamentary microdischarges extending between parallel plate electrodes,
at least one of which is covered by a dielectric’. Within the microdischarges, free

electrons ionize and excite gas molecules which relax to create a purple glow and
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visible streamers’. Charge accumulates at the dielectric surface and reduces the
local applied field, terminating each microdischarge within 100 ns of initiation™.
The dielectric barrier thus serves to limit the discharge current, preventing spark
formation, and to distribute microdischarges evenly over the sample surface’.

In contrast to a low pressure glow discharge, electrons in a silent
discharge are in electrostatic equilibrium with the applied alternating field”,
which allows calculation of the concentrations of various species present as a
function of time after the microdischarge was initiated, figure 2.1°. Such
calculations show that ozone in a silent discharge is typically one hundred times
more concentrated than free electrons or ions, and ten times more concentrated
than any other excited molecular species, e.g. Na, Oy, singlet oxygen etc.””. A
combination of electron™™ and photon™ surface impact with ozone chemistry

therefore governs the characteristics of an air dielectric-barrier surface treatment

reactor.
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Figure 2.1 Concentration of silent discharge species as a function of time after

start of a microdischarge’.
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Ozone is formed in a silent discharge in a two-step process': firstly,
dissociation of molecular oxygen by electrons in a microdischarge
e+02-—->20+e
and, subsequently, a three-body reaction

O+02+M->03+M
where M can be O, O2, O3, or N2.

2.1.2 Low Pressure Air Discharge

If air pressure in a silent discharge is reduced, the diameter of its
microdischarges increases, from about 100 um at atmospheric pressure, until a
homogeneous glow discharge is generated at a pressure of about 10" bar’®. This
discharge is an oxygen containing, low pressure plasma, in which vacuum-
ultraviolet light”** and atomic oxygen radicals” are reported to be the chemically
prominent species. In such a plasma a substrate is exposed to energetic photons,
which easily cleave organic bonds™, and highly reactive atomic oxygen, which
reacts with polymer surfaces in the presence or absence of UV light®. The major
limitation in application of this technique is that a vacuum system is required,
which restricts it to batch mode operation.

Previous investigations of the effect of plasma parameters have used a
single type of discharge and only one or two polymers at a time™”. This chapter
attempts to quantify how strongly the substrate structure of five hydrocarbon
polymer films, Figure 2.2, influences the plasma / surface chemistry for both

atmospheric pressure and low pressure electrical discharges.

—{—CI—IZ—CHZ } { CH—CH, } [ cn—crd-
n n

Y

/1N

POLYETHYLENE (PE) POLYPROPYLENE (PP) POLYSTYRENE (PS)
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CH, H,
CH—QG _
/N % T
CH, CH,
n CH; ’n
POLYISOPRENE (PIP) POLYISOBUTYLENE (PIB)

Figure 2.2 Structures of hydrocarbon polymers treated in this study.

2.2 EXPERIMENTAL

Small‘ strips of low density polyethylene (ICI), polypropylene (ICI), and
polystyrene (ICI) were ultrasonically cleaned for 30 seconds in a 1:1 ratio mixture
cyclohexane and propan-1-ol solvents (analytical reagent grade, Aldrich).
Polyisobutylene (Exxon) and polyisoprene (Exxon) were spin coated onto
ultrasonically cleaned glass slides from 2% weight/volume toluene solution.

Silent discharge treatment of each sample in air was carried out for 30
seconds using a home-built parallel-plate dielectric barrier discharge cell with an
inter-electrode gap of 3.00 + 0.05 mm, Figure 2.3. The discharge was supplied

with a maximum peak to peak voltage of 11 kV at a frequency of 3 KHz".
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Insulation Box

High Voltage
R.F. Supply

Height
Adjuster

Polymer

Dielectric Film
Coverin

Earthed Electrode

Figure 2.3 Silent discharge reactor.

Low pressure plasma treatments were carried out in an electrodeless
cylindrical reactor (4.5 cm diameter, 460 cm3 volume, with a leak rate better than
4 x 103 cm3 min-1) enclosed in a Faraday cage”, Figure 2.4. This was fitted,
using grease-free joints, with a gas inlet, a Pirani pressure gauge, and a 27 L min
1 two-stage rotary pump connected to the reactor through a liquid nitrogen cold
trap. Gas and leak mass flow rates were measured by assuming ideal gas

‘behaviour®. A 13.56 MHz radio frequency (RF) generator was impedance
matched to a copper coil (4 mm diameter, 9 turns, spanning from 8 cm to 15 cm
from the gas inlet), wound around the reactor for inductive plasma coupling. A
typical experimental run comprised of initially scrubbing the reactor with
detergent, rinsing with isopropyl alcohol, and oven drying, followed by a 60 min
high power (50 W) air plasma cleaning treatment. At this stage, a polymer

sample was inserted into the centre of the reactor (i.e. the glow region), and
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pumped down to a base pressure of 1.5 x 10-3 Torr. Air was subsequently
introduced into the reaction chamber at 2 x 10-1 Torr pressure, and a flow rate of
1.0 cm3 min-1. After purging for 5 min, the glow discharge was ignited at 20 W
for 30 seconds. Upon termination of treatment, the RF generator was switched

off, and the system was purged to atmospheric pressure.

Polymer

| ml__oocooo /
N V2
Gas -
Inlet | R J / to pump

M| | O0000

Glass Substrate

Viton O ring
Copper Coils

Figure 2.4 Low pressure plasma reactor.

A Kratos ES300 electron spectrometer equipped with a Mg Ko X-ray
source (photon energy of 1253.6 eV), and a hemispherical analyser, was used for
surface analysis by X-ray photoelectron spectroscopy (XPS). Photo-emitted
electrons were collecfed at a take-off angle of 30° ﬁoﬁ the substrate normal,
corresponding to a sampling depth of approximately 5 A to 20 A in polymers®,
with electron detection in the fixed retarding ratio (FRR, 22:1) mode. XPS spectra
were accumulated on an interfaced IBM PC computer. Sensitivity factors for unit
stoichiometry of C(1s) : O(1ls) were determined to be 1.00 : 0.62. The cleanliness
of each substrate and the absence of any surface-active non-hydrocarbon
additives was verified by XPS. Each polymer was characterized immediately

after each type of electrical discharge treatment.
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Infrared absorption spectra of each clean and treated polymer were taken
using a variable angle attenuated total reflection (ATR) cell fitted with a KRS-5
crystal on a Mattson Polaris instrument. 100 scans were acquired at a resolution
of 4 cm™1 using an incident beam angle of 45°, which corresponds to an ATR-
FTIR sampling depth in polymers of approximately 0.1 pm™.

Atomic force microscopy offers structural characterization of surfaces in
the 104 - 10-10 m range without the prerequisite of special sample preparation,
such as metallization, which can modify surface structure®. A Digital
Instruments Nanoscope III atomic force microscope was used for examining the
topographical nature of each substrate surface prior to and after electrical
discharge exposure. All of the AFM images were acquired in air using the
tapping mode and are presented as unfiltered data. Surface roughness

measurements were taken directly from the stored AFM data.

2.3 RESULTS

Wide-scan XPS spectra of the treated and untreated polymer substrates
yielded only carbon and oxygen features for low pressure plasma modification,
whilst an additional small amount of nitrogen (less than 3 atomic %) was
measurable following dielectric barrier exposure. C(1s) XPS spectra were fitted
with Gaussian peaks of equal full width at half maximum (FWHM)”, using a
Marquardt minimisation computer program. Energies distinctive of different
types of oxidised carbon moieties were referenced to the hydrocarbon peak (-
CxHy-) at 285.0 eV>*: carbon adjacent to a carboxylate group (>C-CO»-) at 285.7
eV, carbon singly bonded to one oxygen atom (>C-O-) at 286.6 eV, carbon doubly
bonded to one oxygen atom or carbon singly bonded to two oxygen atoms
(>C=0 / -O-C-O-) at 287.9 eV, carboxylate groups (-O-C=0) at 289.0 eV, and
carbonate carbons (-O-CO-O-) at 290.4 eV. The n—n* shake-up satellite around

291.5 eV for polystyrene and polyisoprene was fitted with a Gaussian peak of
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different FWHM® in order to assess the level of aromaticity present before and

after electrical discharge exposure, Figure 2.5.

C,H, -1

¢ (a)
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(d)
(e)
— } t !
277 282 287 292 297
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Figure 2.5 C(1s) XPS spectra of untreated: (a) polystyrene; (b) polyethylene; (c)
polypropylene; (d) polyisobutylene; and (e) polyisoprene.
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XPS spectra of untreated saturated polyolefins (PE, PP, and PIB) displayed
a single C(1s) peak at 285.0 eV arising from -CxHy-, Figure 2.5. For PE and PP,
both types of electrical discharge used in this study resulted in similar O:C ratios,
Table 2.2, and >C-O- groups are the predominant reaction product, Figures 2.6
and 2.7 and Table 2.3. Oxidation levels are comparable to those previously noted
for atmospheric®” and low pressure plasma® treatments. However, in contrast
to the lack of any topographical change reported for plasma modification of
polyolefins®, there is a definite change in the surface roughness of PE and PP
following the electrical discharge exposures employed in this study, Figures 2.9-
2.10. Surface roughness on the local scale is reduced, giving way to roughness at
the macroscopic level, Table 2.4. This effect is most prominent for the dielectric

barrier treatment, for which 'globules’ are observed.

Treatment PE PP PIB PIP PS
Clean 0.00 0.00 0.00 0.00 0.00
Low Pressure Plasma 0.21 0.29 0.05 0.24 0.42
Silent Discharge 0.21 0.29 0.12 0.51 0.34
Ozonolysis Rate Constant| 0.046 | 0080 | 0012 | 10° | 0.120
(L mol” s7)

Table 2.2 Compilation of O : C ratios following electrical discharge treatment

(+ 0.01) and literature ozonolysis rate constants”.
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Figure 2.6 C(1s) XPS spectra of silent discharge treated: (a) polystyrene; (b)
polyethylene; (c) polypropylene; (d) polyisobutylene; and (e)

polyisoprene.
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(c)

277 282 287 292 297

Binding Energy / eV

Figure 2.7 C(1s) XPS spectra of air plasma treated: (a) polystyrene; (b)
polyethylene; (c) polypropylene; (d) polyisobutylene; and (e)

polyisoprene.
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Treatment -C-H- | -C-CO24 >C-O-| >C=0 /|-0-C=0} -0-CO-O- n-n*
-O-C-O-

Plasma PE 78.1 4.0 7.5 3.9 4.2 23 -
S.D.PE 76.2 4.5 8.5 4.5 4.5 1.8 -

Plasma PP 70.5 5.3 9.8 5.1 5.3 4.0 -
S.D. PP 67.1 5.9 114 7.7 5.9 1.9 -

Plasma PIB 90.8 1.1 5.3 1.5 § 1.1 0.2 -
S.D. PIB 83.2 2.5 8.6 2.9 2.5 0.3 -

Plasma PS 63.9 4.1 13.2 7.0 41 4.8 29
S.D. PS 67.3 3.9 9.3 6.1 3.9 6.6 2.8

Plasma PIP 71.6 4.8 10.6 3.2 4.8 3.5 1.5
S.D. PIP 61.3 - - 38.7 - - -

Table 2.3 Relative amounts of carbon functionalities following low pressure

plasma and silent discharge (S.D.) treatment (+ 0.8).
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x=0.2 uym/div
(a) CLEAN PS z =100 nm/div

Figure 2.8(a) AFM of untreated polystyrene.

x = 0.2 pm / div
(b) PLASMA PS z=100 nm / div

Figure 2.8(b) AFM of air plasma treated polystyrene.
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0.8

x=0.2 um/div
(c) SILENT DISCHARGE PS z=100 nm / div

| Figure 2.8(c) AFM of silent discharge treated polystyrene.

X =2 um/div

2
(a) CLEAN PE Zz =500 nm /div

Figure 2.9(a) AFM of untreated polyethylene.
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X =2 um/div
(b) PLASMA PE z =500 nm / div

Figure 2.9(b) AFM of air plasma treated polyethylene.

X=2um/div
5

(c) SILENT DISCHARGE PE z =500 nm/div

Figure 2.9(c) AFM of silent discharge treated polyethylene.
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x=0.2 um/ div
(a) CLEAN PP z =200 nm/div

Figure 2.10(a) AFM of untreated polypropylene.

x=0.2 um/div
(b) PLASMA PP z=200 nm/div

Figure 2.10(b) AFM of air plasma treated polypropylene.
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x=0.2 um/div
(c) SILENT DISCHARGE PP z =200 nm / div

Figure 2.10(c) AFM of silent discharge treated polypropylene.

x =1 um/div
z =100 nm/div

(a) CLEAN PIB

Figure 2.11(a) AFM of untreated polyisobutylene.
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x=1pum/div
z=1

(c) PLASMA PIB 00 nm / div

Figure 2.11(b) AFM of air plasma treated polyisobutylene.

1 um / div
100 nm / div

X
(c) SILENT DISCHARGE PIB z

Figure 2.11(c) AFM of silent Iclischarge treated polyisobutylene.
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Air Plasma PIP

Figure 2.12 AFM of air plasma treated polyisoprene.
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Substrate Area Analysed / um RMS Roughness / nm
Clean PE 10 x 10 129
Plasma PE 10 x 10 117
Silent Discharge PE 10 x 10 98
Clean PP 1x1 9
Plasma PP 1x1 24
Silent Discharge PP 1 x1 45
Clean PIB 5 x5 6
Plasma PIB 5 x5 19
Silent Discharge PIB 5 x5 23
Clean PS 1x1 7
Plasma PS 1x1 9
Silent Discharge PS 1 x1 13

Table 2.4 Surface roughness following electrical discharge treatment.

Polyisobutylene (PIB) is more susceptible to both chemical and
topographical attack by silent discharge treatment than by low pressure plasma
exposure, Table 2.2; more oxygen is incorporated into PIB for the former,
together with the formation of a highly modulated topography, Figure 2.11. As
in the case of PE and PP, >C-O- groups are the predominant reaction product for
both treatments of PIB, Table 2.3.

Clean polystyrene C(1s) spectra showed a pure hydrocarbon peak with 5.3
+ 0.2 % of total intensity due to the aromatic n—n* shake-up satellite, Figure
2.5(a). There is a greater level of oxygen incorporation into PS during low
pressure plasma exposure than during silent discharge treatment, whilst the
aromaticity was approximately halved in both cases. As with the saturated
polyolefins, >C-O- groups are the predominant oxidized carbon functionality,

however, carbonate group (-O-CO-O-) concentration is greater for treated
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polystyrene than that measured for the other modified polymers. Again for PS,
atomic force microscopy illustrates the more energetic nature of the silent
discharge treatment compared to low pressure plasma modification, Figure 2.8.
These results are contrary to previous SEM studies concerning the low pressure
oxygen plasma treatment of polystyrene, in which no change in surface
topography was reported”.

The C(1s) region of untreated polyisoprene comprises a main hydrocarbon
peak, and a weak valence band n-n* shake-up feature (3% of the total C(1s)
intensity) shifted by 6.5 eV towards higher binding energy, Figure 2.5(e). For
polyisoprene, low pressure plasma treatment incorporates mainly >C-O-
groups, and causes a similar amount of oxygenation as for PE. Silent discharge
treatment of PIP creates the most highly oxidised surface found in this study.
Chemical modification was selective to >C=0 / -O-C-O- groups; the C(1s) XPS
spectrum of silent discharge treated PIP can be fitted with just two Gaussian
peaks: hydrocarbon (-CxHy-) at 285.0 eV, and carbonyl / double ether (>C=0 / -
O-C-O-) at 287.8 eV, Figure 2.6. The O:C ratio of the treated surface was found to
be 0.51 + 0.01, and the ratio of oxygen to oxidised carbon was calculated to be
1.54 + 0.02.

ATR-FTIR characterisation showed a difference between clean and treated
polymer surfaces only for silent discharge exposed polyisoprene. Spin coated
PIP exhibits the following absorbances®”, Figure 2.13(a): 2962 cm’!
(antisymmetric CHj3 stretching), 2916 cm™1 (antisymmetric CH stretching), 2852
cm! (symmetric CHj stretching), 1448 cm™1 (CH3 symmetric bending) and 1375
cm-! (antisymmetric CH3 bending), and 835 cm-! (tri-substituted >C=C< double
bond stretch). No residual solvent was discernible. The following extra features
were observed for silent discharge treated polyisoprene, Figure 2.13(b): 3384 cm!
(OH stretching®), 1714 cm™1 (ketone C=0 stretching®), 1215 cm-! (ketone group
vibration®), 1105 ecm! (C-O-O ozonide stretch®®), 1084 cml (C-O ozonide
stretch®), 1026 cm1 (C-O ozonide stretch®) 1008 cm™! (trans CH=CH stretching®).
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Figure 2.13 ATR-FTIR spectra of (a) untreated PIP and (b) silent discharge treated
PIP.
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2.4 DISCUSSION
2.4.1 Silent Discharge Chemical Modification

Reaction of ozone, which is predominant in the silent discharge reactor®,
with polymer surfaces is expected to govern chemistry of silent discharge surface
modification. Silent discharges in air contain nitrogen ions, dinitrogen ions and
oxides of nitrogen ranging from NO to N2Os, in addition to atomic oxygen and
ozone produced in pure oxygen discharges”. During silent discharge treatment,
reaction of the polymer surface with activated nitrogen containing species must
compete with vigorous oxidation reactions, explaining the low level of nitrogen

incorporation observed.

Electron spin resonance (ESR) studies have demonstrated that saturated
hydrocarbon polymers ozonize via a peroxy radical mechanism® to yield a wide

variety of oxidised carbon groups, including carbonyl, alcohol and acid moeties,

Scheme 1.

| : ]
H, ) OI-.I CH-OO* H

+ O3 — > C—CH,~~ + *OH
THZ (;Hz :

RH TOH
mmn CH—CHyw + °R

Scheme 1 Ozonolysis of saturated hydrocarbons”.

In contrast, unsaturated polymers yield ozonides via the Criegee addition
mechanism®152 in which ozone attacks a carbon double bond, Scheme 2.
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~ | /O\
\c:c:\/ OZONE O\ /O ------- - ./ Ci/
/ ”7C_%§ (\

Scheme 2 Ozonolysis of unsaturated hydrocarbons4!.

The unstable primary ozonide (molozonide) decomposes into a zwitter ion of
carbonyl oxide, and an aldehyde / ketone group™”, followed by a 3 + 2 cyclo-
addition of spatially re-arranged zwitter ions with carbonyl groups to give the
stable ozonide. At réom temperature, ozonides are stable enough for isolation®.
The relative degree of silent discharge oxidation of polymers in this study
is PIP > PS > PP > PE > PIB; this order is entirely consistent with the rate
constants reported in the literature for the ozonation of these polymers®, Table
2.2. Comparison with previous studies where polyethylene®”, and polystyrene”
substrates were exposed to ozone for exposure times similar to those employed
in this work, however, indicates that surface oxidation is an order of magnitude

greater in the case of silent discharge treatment. It is clear that silent discharge

treatment offers an additional means of enhancing the rate of surface oxidation,

14-16

such as the direct activation of the polymer substrate by electron™" and / or

photon bombardment™.

Amongst all of the polymers studied both electrical discharge treatments
of polyisobutylene exhibits the highest selectivity towards >C-O- groups Table
2.3, which is possibly due to the stabilizing influence of the dimethyl groups
located aiong the polyisobutylene backbone. The largest number of carbonate
groups are produced for silent discharge treatment of polystyrene film. In this
case, there is the additional reaction pathway available which involves the

formation of aromatic ozonides”, which also accounts for the attenuation in the

polystyrene n—r * feature.
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A highly selective mode of surface oxidation is in operation during the
dielectric barrier discharge treatment of polyisoprene, yielding exclusively >C=0
/ -O-C-O- functionalities. This result is remarkable in the context of non-
equilibrium plasma treatments, which typically produce a variety of oxygenated
functionalities”. Polyisoprene is reported to have an abnormally high rate
coefficient for reaction with ozone*, Table 2.2, and would therefore be expected
to undergo rapid reaction with ozone generated in a dielectric barrier air
discharge. Ozonation of double bonds along the polyisoprene backbone to form
a polyozonide structure corresponds to a value of 1.50 for the oxygen to oxidized
carbon XPS ratio; this is very close to the oxygen to oxidized carbon XPS ratio of
1.54 + 0.02 measured for silent discharge treated PIP.

The ATR-FTIR spectrum for silent discharge treated PIP, Figure 2.13(b),
indicates modification to a much greater depth than for any of the other
polymers and the creation of a variety of molecular environments. This result
confirms a strong reaction between PIP and ozone, since the depth of oxidation
for combined ozone and ultraviolet light treatment of polymers is reported to be
greater than that for discharge treatments™. The apparent disagreement with the
XPS data in terms of molecular environments can be explained by the sampling
depth of each technique; ATR-FTIR samples down to 1000 A®, whereas XPS
accesses only the topmost 5 - 20 A of the surface”. Dielectric barrier discharge
treatment of polyisoprene appears to yield a polyozonide structure in the
uppermost sﬁrface region, where spatial rearrangement of zwitter ions will occur

_in a similar fashion to that found in solution, and a mixture of ozonide and
trapped carbonyl oxide zwitter ion / aldehyde / ketone intermediates in the sub-

surface, where spatial rearrangement of zwitter ions in the bulk phase is

sterically restricted.
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2.4.2 Low Pressure Plasma Chemical Modification

In contrast to ozone dominated chemistry in the silent discharge, vacuum-

"% and atomic oxygen radicals” are the chemically predominant

ultraviolet light
components in low pressure oxygen-containing plasmas. During this treatment,
highly energetic photons cause chemical modification at the polymer substrate;
atoms and unactivated molecules of oxygen may react with photo-generated
polymer radicals®. Atomic oxygen may also react with unactivated polymer
chains”. The greater oxygen incorporation into polystyrene observed for low
pressure plasma treatment may be attributed to its chromophoric phenyl rings™,
whilst the low level of oxygenation in low pressure plasma treated

polyisobutylene can be explained in terms of this polymer lacking any strong UV

absorbing centres in its parent structure”.

2.4.3 Topographical Modification

“ and electron- or photon- activated

Both free-radical photo-oxidation
ozonolysis mechanisms™"** are highly energetic. This is especially evident in the
case of dielectric barrier modification, for which AFM has shown a high level of
disruption in the polymer substrate topography. In the case of silent discharge
treatment, low molecular weight oxidised material remains on the polymer
surface and rearranges to minimise interfacial surface energy” forming
| globules™®, whereas, in the low pressure plasma environment volatile reaction
products are more likely to desorb and be pumped away from the reactor. The
depth resolution of SEM analysis used in previous studies may have been

- insufficient to detect topographical changes of PE® and PS” arising from plasma

treatment.
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2.5 CONCLUSIONS

Electrical discharge treatment of polymers results in textural changes and
oxygenation at the substrate surface, and highlights the differences in physical
and chemical nature between non-isothermal atmospheric and low pressure
plasmas.

Topographical modification is more extreme for a discharge at
atmospheric pressure than at low pressure, whilst the extent of oxygen
incorporated by these discharges varies strongly with the original polymer
chemical structure. An activated ozonolysis mechanism for silent discharge
treatment is suggested by the XPS data O:C ratio, for all the polymers, and by the
selective modification of PIP to a polyozonide structure. The chromophoric
phenyl ring of polystyrene accounts for its stronger oxidation by low pressure
plasma treatment, confirming the importance of vacuum ultraviolet surface

photochemistry in this type of discharge.
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Chapter 3

Chapter Three: Non-Isothermal Oxygen Plasma Treatment Of
Phenyl Containing Polymers

3.1 INTRODUCTION

Non-isothermal plasma processing offers many advantages over
traditional methods for altering polymer surfaces, such as chemical, hot press,
flame, abrasion, and graft treatmentsl4, section 1.2.1. During cold plasma
treatment of polymeric materials, bombardment of the substrate surface by a
wide variety of energetic species, section 1.2.3, leads to chemical
functionalisation and disruption of polymer topography, making non-isothermal
plasma a suitable pre-treatment for polymer printing, painting, metallizing or
laminating®®.

Most of the previous investigations in this field”-? have studied only one
or two polymers at a time under comparable experimental conditions, making it
difficult to draw any valid mechanistic conclusions concerning the importance of
substrate structure. |

A recent study based on contact angle measurements reported that Oz
plasma treatment improves aluminium adhesion to a variety of phenyl
containing polymers10; however the relative variations in chemical and
topographical nature were not correlated to parent polymer structure. In this
article, the interdependence between surface reactivity and parent polymer
structure during low pressure non-isothermal O; plasma treatment is
investigated for seven phenyl containing polymers using X-ray photoelectron

spectroscopy (XPS) and atomic force microscopy (AFM).

3.2 EXPERIMENTAL

Small strips of polystyrene (BP), polyethyleneterephthalate (Hoechst).
polyetheretherketone (ICI), polybisphenolcarbonate (General Electric Plastics),
polybisphenolsulfone (Westlake Plastics Company) and polyethersulfone
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(Westlake Plastics Company) were ultrasonically cleaned in a 50 : 50 non-polar
(cyclohexane) : polar (propan-2-ol) solvent mixture for 30 s.
Polydimethylphenyleneoxide (Aldrich) was spin coated onto clean glass slides
from a 2% chloroform solution.

 Low pressure plasma treatments were carried out in a electrodeless
cylindrical reactor which was set up and cleaned exactly as described in section
2.2. A polymer sample was inserted into the centre of the reactor (i.e. the glow
region), and pumped down to a base pressure of 3 x 10-3 mbar. Subsequently O,

(99.9% purity, BOC) was introduced into the reaction chamber at 2 x 101 mbar

pressure, and a flow rate of 1.0 cm3 min-l. After purging with O gas for 5 min,
the glow discharge was ignited at 20 W for 30 s. Upon termination of treatment,
the RF generator was switched off, and the reactor was flushed with O gas for a
further 5 min in order to allow quenching of residual reactive centres at the
surface, and then finally vented to air prior to surface characterization.

In addition, O plasma treated polymer strips were rinsed for 2 min in a
50 : 50 mixture of cyclohexane : propan-2-ol (a non-polar and a polar solvent
respectively) and dried in air prior to surface analysis. None of the parent
polymers are soluble in either of these washing solvents1l.

X-ray photoelectron spectroscopy (XPS), and atomic force microscopy
(AFM), were used, exactly as described in section 2.2, to examine each of the
polymer substrates at the three stages: clean, O, plasma treated, and solvent
washed O plasma treated. XPS sensitivity factors for unit stoichiometry were
experimentally determined to be C(1s) : O(ls) : S(2p) equals 1.00 : 0.62 : 0.54.
Root-mean-square (RMS) roughness values were obtained from unfiltered 1 um

x 1 um atomic force micrographs (this statistic is equivalent to the power
spectrum value for RMS roughness recommended by the ASTM subcommittee
for analyzing and reporting surface roughness1?). The mean diameter of features
on the micrographs was calculated from ten typical feature diameters, obtained

using the microscope software's image cross-section facility.

3.3.RESULTS
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3.3.1 XPS

The cleanliness of each substrate and the absence of any surface-active
inorganic additives was verified by XPS wide-scan spectra. O; plasma treated
polymer substrates yielded only carbon and oxygen features (with additional
signals for sulphur in the cases of polysulfone and polyethersulfone). Mg Koy, 2
C(1s) XPS core level spectra were peak fitted as described in section 2.3, with the
addition of a peak for carbon singly bonded to one sulphur atom (>C-5) at 285.6
eV13 in the cases of polysulfone and polyethersulfone. The n-n* phenyl ring
shake-up satellite present at ~291.7 eV for all of the substrates under
investigation was fitted with a Gaussian peak of different FWHM in order to

assess the level of aromaticity present in the untreated polymersl4.

H—CH, 1~

g

Jn
Polystyrene (PS)

The C(1s) XPS envelope for untreated polystyrene can be assigned to a
hydrocarbon component, -CxHy- at 285.0 eV, and a 77" shake-up satellite
feature is discernible at 291.7 + 0.1 eV which accounts for approximately 5.3 + 0.2
% of the total C(ls) peak areal4l7, Figure 3.1. Low pressure Oy electrical
discharge treatment of polystyrene produced the greatest uptake of oxygen
amongst all of the polymers under investigation, Figure 3.2, this was
accompanied by an attenuation of the of the n-n* shake-up satellite intensity to
3.3 £ 0.5 % of the total C(1s) peak area. 37 + 5 % of the incorporated oxidized
carbon functionalities were removed by solvent washing, Figures 3.1-3.2, with

negligible variation in the intensity of the n-n* shake-up satellite.

56




Counts

Chapter 3

277 282 287 292 297

Binding Energy / eV

Figure 3.1(a) C(1s) XPS spectra of untreated polymers
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Figure 3.1(a) continued C(1s) XPS spectra of untreated polymers
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Figure 3.1(b) C(1s) XPS spectra of Oy plasma treated polymers
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Figure 3.1(b) continued C(1s) XPS spectra of Oz plasma treated polymers
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Figure 3.1(c) C(1s) XPS spectra of solvent washed O3 plasma treated polymers
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Figure 3.1(c) continued C(1s) XPS spectra of solvent washed O; plasma treated
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Figure 3.2 Variation in XPS O:C ratio with parent polymer structure for:

untreated, O; plasma treated, and solvent washed O plasma treated polymers.
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Polyethyleneterephthalate (PET)

In the case of untreated polyethyleneterephthalate (PET), the C(1s)
envelope comprises -QxHy-, -C-O-, and -O-C=0 functionalities in a 3:1:1 ratio,
Figure 3.1. The n—n* shake-up satellite accounts for 3.5 + 0.2 % of the overall
C(1s) envelopel8. O plasma treatment of PET produced the highest O:C ratio
amongst all the polymers screened in the present study; this was despite the
relative change with respect to the untreated polymer being the smallest, Figure
3.2. Plasma oxidation was accompanied by a loss in the n-n* shake-up satellite
intensity to 2.3 + 0.5 % of the total C(1s) envelope. The various types of
oxygenated functionalities were noted to be fairly evenly distributed, Figure 3.1.
Solvent washing of the O plasma treated PET surface removed 36 + 5 % of the

oxygen added by plasma treatment, Figure 3.2.

-

OO Orer

n

Al

. J

Polyetheretherketone (PEEK)

Polyetheretherketone (PEEK) contains two phenyl centres linked by ether
groups and one benzophenone group per polymer repeat unit. Each of these
carbon environments is clearly discernible in the C(1s) spectrum, Figure 3.1. Oz
plasma treatment of PEEK led to a large increase in O:C ratio, Figure 3.2,
combined with a reduction in the n-n* shake-up satellite signal from 5.9 + 0.2 %
to 3.5 £ 0.5 % of total C(1s) peak area. Solvent washing of the PEEK surface
removed 71 + 5 % of the oxygen added by O; plasma treatment, accompanied by
a large increase in the proportion of -C-O- groups at the expense of the other
three types of oxidized carbon environments (i.e. C=0 / O-C-O, O-C=0, and O-

CO-0), Figure 3.1.
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Polybisphenolcarbonate (PC)

Clean polycarbonate displays a n-n* shake-up satellite amounting to 4.2 +
0.2 % of the total C(1s) signal intensity, Figure 3.1. Attenuation of the C(1s) n-n*
shake-up satellite to 3.2 + 0.5 %, and an increase in oxygen content occurred
during O, glow discharge treatment, Figure 3.2. The rise in the proportion of -C-
O- and >C=0 / -O-C-O- groups was accompanied by a drop in the proportion of
carbonate centres. These results are in agreement with previous reports which
have shown that polycarbonate is more susceptible to plasma oxidation than PET
and less so than polystyrenel®. Solvent washing the treated polycarbonate
surface removed 79 + 5 % of the oxygen added by O plasma treatment. Once
again, structural environments originating from the parent polymer became
more prominent upon solvent washing, Figure 3.1, ie. a large increase in the
proportion of -C-O- groups was observed in conjunction with a decrease in the

proportion of >C=0 / -O-C-O- functionalities.

-

o
OO0t

s 1

.

Polybisphenolsulfone (PSF)

The surface of untreated polysulfone (PSF) was found to contain 82 + 2 %
carbon, 15 + 2 % oxygen, and 3 + 1 % sulfur, in-keeping with the parent polymer
structure (the theoretical composition being 84.4 % carbon, 12.5 % oxygen, and
3.1 % sulfur). Ether (-C-O-) linkages constitute the only oxidized carbon groups
in untreated polysulfone, whilst oxygen is also present doubly bonded to sulfur.
The n-n* shake up intensity accounted for 4.4 + 0.2% of total C(1s) intensity,
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Figure 3.1. A significant level of oxygen incorporation was noted during O,
plasma treatment, Figure 3.2, combined with an attenuation of the n—n* shake-up
satellite intensity to 1.6 = 0.5 % of the total C(1s) signal. Solvent washing the
polysulfone surface removed 73 + 5 % of the oxygen added by O; plasma
treatment. A large increase in the -C-O- group contribution was seen at the
expense of the other types of oxidized carbon environments, Figure 3.1, together
with an increase in the n—nt* shake-up satellite intensity to 4.0 + 0.5 % of the total

C(1s) signal, almost restoring its original contribution.

i
aVa
OJn
Polyethersulfone (PES)

Polyethersulfone (PES) has a greater oxygen (20 + 2 %) and sulfur (6 + 2
%) content compared to its structurally related polysulfone counterpart, since the
former contains no dimethyl carbon linkage in its repeat unit. Also, the n—r*
shake-up satellite was found to be more intense for polyethersulfone, Figure 3.1,
constituting 5.8 + 0.2 % of the total C(1s) peak intensity. O plasma treatment of
polyethersulfone caused a large increase in the oxygen content, Figure 3.2, and
complete disappearance of the n-m* shake-up satellite20, Figure 3.1. Solvent
washing polyethersulfone removed 54 + 2 % of the oxygen incorporated during
O, plasma treatment, accompanied by the C(1s) envelope reverting back towards
the parent polymer spectrum, Figure 3.1, and about two thirds of the original
percentage of n-n* shake-up satellite intensity being recovered. The absolute
value of the change in O:C ratio upon solvent washing, A(O:C) = -0.25 + 0.02, is

the same for both sulfur containing polymers.

CH,

CH, n
Polydimethylphenyleneoxide (PPO)
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Poly(2,6-dimethyl-1,4-phenyleneoxide) (PPO) contains one backbone
phenyl ring with two pendant methyl groups and one ether linkage per polymer
repeat unit. The C(1s) XPS spectrum comprised 28 + 2% of carbon atoms in C-O
environments, which is consistent with the parent polymer structure, Figure 3.1,
and the n-n* shake-up satellite peak constituted 6.9 + 0.2% of C(1s) peak area. O
plasma treatment of PPO produced a large increase in O:C ratio, Figure 3.2,
accompanied by an attenuation of the C(1s) n-n* shake-up signal to about half of
its original value, Figure 3.1. A significant proportion (89 = 2%) of the oxygen

added during O, plasma treatment was lost from the PPO surface during solvent
rinsing, leading to the largest change in O:C upon washing. Once again the C(1s)

peak shape reverted to being reminiscent of the untreated polymer, Figure 3.1.

3.3.2 AFM

Atomic force micrographs of clean, O, plasma treated, and solvent
washed O; plasma treated polymers are shown in Figures 3.3, 3.4 and 3.5
respectively. The relatively smooth untreated surfaces were roughened by O;
plasma treatment to produce an even distribution of more or less hemispherical

protrusions.
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(a) Polystyrene

(b) PET

Figure 3.3 Atomic force micrographs of untreated: (a) polystyrene; (b)
polyethyleneterephthalate
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(c) PEEK
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(d) Polycarbonate

Figure 3.3 Atomic force micrographs of untreated (c) polyetheretherketone; (d)
polybisphenolcarbonate
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(e) Polysulfone
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(f) Polyethersulfone

Figure 3.3 Atomic force micrographs of untreated (e) polybisphenolsulfone; (f)
polyethersulfone
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(g) Polyphenyleneoxide

Figure 3.3 Atomic force micrograph of untreated (g)
polydimethylphenyleneoxide
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0.6
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(a) Polystyrene

x=0
(b) PET z=0.

Figure 3.4 Atomic force micrographs of O, plasma treated: (a) polystyrene; (b)
polyethyleneterephthalate
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(c) PEEK

0.6
0.8

~(d) Polycarbonate

Figure 3.4 Atomic force micrographs of O; plasma treated: (c)
polyetheretherketone; (d) polybisphenolcarbonate
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0.6
0.8

(e) Polysulfone

0.8

(f) Polyethersulfone

Figure 3.4 Atomic force micrographs of O; plasma treated: (e)
polybisphenolsulfone; (f) polyethersulfone
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(g) Polyphenyleneoxide

Figure 3.4 Atomic force micrograph of O, plasma treated: (g)
polydimethylphenyleneoxide

75




Chapter 3
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0.8

(a) Polystyrene

(b) PET

Figure 3.5 Atomic force micrographs of solvent washed O plasma treated: (a)
polystyrene; (b) polyethyleneterephthalate
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(c) PEEK

0.6
0.8

(d) Polycarbonate

Figure 3.5 Atomic force micrographs of solvent washed O3 plasma treated: (c)

polyetheretherketone; (d) polybisphenolcarbonate
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0.6
0.8

(e) Polysulfone

(f) Polyethersulfone

Figure 3.5 Atomic force micrographs of solvent washed O plasma treated: (e)

polybisphenolsulfone; (f) polyethersulfone
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(g) Polyphenyleneoxide

Figure 3.5 Atomic force micrographs of solvent washed O3 plasma treated: (g)

polydimethylphenyleneoxide
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Polystyrene, PET and PEEK displayed topographical features prior to
plasma tréatment which were most probably introduced into the surface during
film manufacture, Figure 3.3: PET has an even distribution of narrow, non-
hemispherical protrusions; PEEK has an array of relatively low height, circular
features; and polystyrene has a small number of relatively low height ridges.
Following Oy plasma treatment, the surfaces of the plasma treated polymers,
Figure 3.4, all showed hemispherical-dome shaped globules whose mean
diameter are in the order PET > PSF > PES > PC > PEEK > PS > PPO. The
globules on Oy plasma treated polysulfone were found to be irregular in shape20
compared to those on the other O; plasma treated polymers. Solvent washing of
Oy plasma treated polymer surfaces resulted in a diminishing of the globular

features accompanied by an overall smoothing of the surface texture, Figure 3.5.

3.4 DISCUSSION

Satellite 'shake-up' lines appear on the high binding energy side of core
photoelectron lines for unsaturated systems, due to valence orbital excitations
during the ejection of core level photoelectrons?2122. The high degree of
delocalization in phenyl nring orbital systems yields particularly intense C(1s)
n—n* shake-up structures?3. A correlation is found between the C(1s) n—r* shake-
up intensity for clean polymers and the proportion of carbon centres located in a
phenyl environment for the untreated polymer structure, Figure 3.6. The
anomalously high n—m* shake-up peak observed for
polydimethylphenyleneoxide may result from a greater net charge density on
the phenyl carbon atoms, due to electron donation into the aromatic ring system

from the adjacent methyl groups?425.
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Figure 3.6 Percentage m-n* shake-up of total XPS C(ls) intensity versus
percentage of carbon centres in phenyl environments for untreated

po-lymers.

Substrate-plasma reactivity can be expected to be influenced by the
chemical structure26 and aromaticity?’ of the underlying polymer. Previous
extended Huckel molecular orbital calculations have predicted that phenyl
containing polymers are more resistant towards oxygen plasma etching
compared to saturated polymers, and are therefore more likely to become highly
oxygenated during oxygen plasma treatment28. Our results have shown that the

extent of oxygenation obtained during O, plasma treatment is directly

dependent upon n-n* shake-up intensity measured in the C(1s) XPS spectrum for

the untreated polymer, Figure 3.7.

Low pressure O plasmas contain a range of energetic species which are

capable of reacting with polymer surfaces: molecular, atomic, and electronically
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excited oxygen moieties, in addition to electrons, ions and electromagnetic
radiation??. Oxygen atoms are mainly produced by collisions of ions, electrons
and photons with Oy molecules in the plasma, and are believed to be the
prominent reactive species?0. Since the level of gas ionization3! is less than 1 in
10° and retarding collisions in the plasma boundary further attenuate the chance
of ions reacting with the polymer surface32, it is probable that a combination of
VUV irradiation and oxygen atoms gives rise to most of the observed polymer

oxidation.

Electromagnetic radiation generated by the O3 glow discharge includes an
intense line at 130 nm33.34, which can give rise to photo-excitation of = electrons
in polymer phenyl rings to anti-bonding * orbitals?435. Such singly occupied n
orbitals are highly susceptible to attack by incident nucleophiles (e.g. atomic
oxygen)3236. The ease of n-T* transitions observed by XPS for each untreated
polymer can therefore be used as a good measure of polymer reactivity towards
an O; plasma, Figure 3.6. Attenuation of the n-n* shake-up signal during O

plasma treatment of all of the polymers studied confirms substantial oxidative

attack of phenyl groups3738,
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Figure 3.7 Extent of oxidative attack versus percentage n—n* shake-up of total
gu P g 1%

XPS C(1s) intensity for the untreated polymer.
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A correlation is evident between the mean diameter of globules, from
AFM images, Figure 3.4, and the extent of plasma oxidative attack, A(O:C),
measured by XPS for each treated polymer, Figure 3.8, suggesting that the
degree of oxygenation determines the final surface morphology. The height of
globular features (~ 4 nm) ensures that the majority of the XPS signal (sampling
depth ~ 2 nm39) is measured from the O; plasma generated surface texture. No
trend was established between O plasma modified surface topography and
parent polymer melting point40 or glass transition temperature4l; this confirms
that surface physical modification does not occur exclusively via a polymer
melting mechanism.

Modification of surface morphology by O; plasma treatment is reported
to be due to vigorous reactions of the polymer with atomic oxygen42, photon and
ion induced physical degradation?, melting and recrystallization®4, or
conglomeration of surface species formed during plasma oxidation and chain
scission into globules#445. Conglomeration of plasma oxidized polymer material
is driven by minimization of polar surface energy at the interface with the
underlying unmodified substrate6. The contact angle between functionalized
- polymeric material and the low energy substrate therefore increases, and the
mean diameter of globules decreases, with increasing level of oxygenation?’,

Figure 3.8.

The removal of oxidized surface species upon solvent washing of
discharge treated polymers has been attributed to solvation of low molecular
weight oxidized material formed by electrical discharge treatment#8-50. The
proportion of oxygenated material and globular features which remained on the

surface during rinsing in a polar / non-polar solvent mixture must have

undergone extensive crosslinking and minimal chain scission46,50-52,
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Figure 3.8 Extent of oxidative attack versus mean globule size.
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3.5 CONCLUSIONS

Initial polymer chemical structure can bear a strong influence upon the
level of oxygenation attained during O plasma treatment of phenyl containing
polymers. The C(1s) n—n* shake-up intensity measured for the initial polymer is
a good measure of its reactivity towards an Oy glow discharge; this can be
accounted for in terms of VUV photo-excitation of phenyl rings followed by
reaction with plasma generated oxygen atoms.

Oy plasma treatment of phenyl containing polymers forms surface
globules, the diameter of which is inversely proportional to the extent of surface
oxygenation. This correlation is inkeeping with the conglomeration of oxidized
low molecular weight material in order to minimize surface polar energy.
Oxidized species and globular features remaining on the plasma treated surface
following solvent washing may be attributed to unscissioned phenyl ring
oxidation products and crosslinked polymer chains. Oxygen glow discharge
treatment of PET gives rise to the most stable oxidized surface whilst plasma
modified PPO loses the greatest amount of incorporated oxygen functionalities

during solvent washing.
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Chapter Four : Plasma Modification Of Zirconium Butoxide Films

4.1 INTRODUCTION

Zirconium oxide (ZrO,) ceramic thin films are presently used as hard

. 2 3
wearing coatings’, thermal barrier films , catalysts and catalyst supports3 ", buffer

layers for high T. superconducting films and in electronics as an inert, ion

impermeable material of high dielectric constant . Although dense ZrQO, is

impervious to O, at temperatures below 500 °C’, its potential for gas barrier

coatings on polymers has not been investigated.

Common methods of producing ZrO, thin films include spray pyrolysis®,
PVD’, CVD" and sol-gel” processing of ceramic precursors. From the numerous
possible organo-zirconium precursors, zirconium butoxide (Zr(OBu) 4, Figure
4.1, is often chosen for a number of reasons: the compound may easily be highly

urified by distillation’; Zr(OBu), is non-corrosive and may be stored
P y 4 y

indefinitely out of water contact”; Zr(OBu), readily produces ZrO, by hydrolysis

and thermolysis”; and zirconium is already directly bonded to excess oxygen,

promoting oxide nuclei formation™,

O-C,H,
C H,0—Zr—O-C,H,

Figure 4.1 Structure of zirconium butoxide, Zr(OBu),.

In addition to its good oxide forming ability, Zr(OBu), forms

13,15

coordinatively bridged polymeric molecules in solution™”, Figure 4.2. The

structure and degree of polymerization of transition metal normal alkoxides has
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been extensively researched”*'”; D. C. Bradley et. al. suggested a pentameric

structure for Zr(OBu"), in which zirconium atoms are surrounded octahedrally
by oxygen atoms, and five octahedra share edges or faces”. Zr(OBu), films are

deposited from solution containing polymeric ceramic precursor molecules, and

these films are expected to cover substrates more completely than disperse

monomeric centres.

Bu

Figure 4.2 Coordinate bond responsible for polymerization in zirconium

butoxide®.

Surface treatment of Zr(OBuy), solid films in low pressure non-isothermal

plasmas is a novel low temperature alternative to conventional sol-gel
calcination of ceramic precursors. Such a process would allow temperature
sensitive substrates, such as organic polymers, to be coated with ceramic gas
barrier film.

The surface physico-chemistry of spin coated films of Zr(OBu), treated in

oxygen containing plasmas has been investigated, and the resultant coated PET

substrate has been assessed for use as a gas barrier film.

4.2 EXPERIMENTAL
4.2.1 Zr(OBu), Solution Preparation

Commercially supplied 80% weight/volume butanol solution of
zirconium-normal-butoxide Zr(OBu), (Aldrich, 99.99% purity), stored under dry

nitrogen (< 5 ppm H,0), was diluted to 2% weight/volume concentration with

propan-1-ol (analytical reagent grade, Aldrich). Each solution batch was used
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within 8 hours of air contact, to limit the extent of atmospheric hydrolysis of

Zr(OBu),.

4.2.2 Substrate Preparation

Glass slides were employed as an initial substrate on which to study
plasma modification of Zr(OBu), without the complication of plasma-polymer
interactions present for the gas barrier coated PET film. 0.5 mm thick boro-
silicate glass (Corning), was cut into 7 mm x 12 mm slides and cleaned in
detergent followed by ultrasonically cleaning in a 1:1 ratio mixture of acetone
and propan-1-ol solvents (both analytical reagent grade, Aldrich) for 10 minutes.

Additive free polyethyleneterephthalate (PET, ICI) film, of 100um
thickness, was cut into 10mm x 70 mm strips and ultrasonically cleaned in a 1:1
ratio mixture of acetone and propan-1-ol solvents (analytical grade, Aldrich) for

30 seconds.

Initial XPS results for spin coated Zr(OBu), on as-cleaned PET substrates

and on silent discharge treated PET substrates indicated a larger Zr(OBu),

coverage for the latter, therefore, each PET substrate was treated for 30 seconds
in the silent discharge cell as described in section 2.2, Figure 2.3, using an inter-

electrode distance of 3.0 mm and an applied peak-to-peak voltage of 11 kV at 3
kHz".

4.2.3 Spin Coating Zr(OBu), Solution

Cleaned substrates were mounted on a glass plate using double sided
adhesive tape and the plate was held on the vacuum chuck of a commercial spin

coater (Cammax). A jet of dry nitrogen was blown over the substrate to remove
any particulate contamination, and 4 drops of Zr(OBu), solution were dropped
from a distance of about 1 cm onto the centre of the stationary substrate from a
clean glass pipette. Immediately after application of the Zr(OBu), solution, the

substrate was rotated at 1800 rpm (minimum speed and acceleration settings) for
30 seconds, under a jet of dry nitrogen jet to aid solvent evaporation™.
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4.2.4 Plasma Treatments Of Spin Coated Films

Silent discharge treatment of substrates spin coated with Zr(OBu), was

carried out in air in the home-built parallel-plate reactor, described in section 2.1,
for 30 seconds, using an inter-electrode distance of 3 mm and an applied peak-to-
peak voltage of 8.6 kV at 3 kHz frequency.

For low pressure plasma treatments, a substrate was placed in the

cylindrical glass reactor, described in section 2.2, immediately after spin coating

with Zr(OBuy), solution, and pumped down to a pressure of <5 x 10° torr. The
reactor was purged for 10 minutes with the processing gas at a pressure of 2 x 10

" torr. The processing gas was either oxygen (99.6% purity, BOC) or water

vapour from a monomer tube containing de-ionized water which had been
frozen and thawed three times at base pressure to remove dissolved impurity
gases. The power and duration of inductively coupled RF discharge treatment of
the coating were systematically varied to investigate the roles of these
parameters in modification of the precursor surface. Following plasma
treatment, the chamber was purged with the processing gas for 5 minutes and

then vented to atmospheric pressure.

4.2.5 Analysis Of Coatings

Immediately after coating or treatment, surface chemical analysis was
performed using XPS, as described in section 2.2. Sensitivity factors for unit
stoichiometry were determined for the core levels C(1s) : Zr(3d) to be 1 : 0.16,
using zirconium (IV) oxide powder (Aldrich); for C(1s) : Si(2p) to be 1 : 1.02 using
zirconium (IV) silicate powder (Aldrich); and for the core levels C(1s) : O(1s) to
be 1.00 : 0.62 using additive free polyethyleneterephthalate film (ICI).

Linear background intensity removal of XPS data was employed, which
used consistently gives proportional results for all peaks from insulating

materials”. A least squares linear regression routine” was then used to optimize
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the width and intensity of gaussian peaks added manually and fixed at binding
energies known from the literature.

C(1s) XPS core level spectra were fitted with peaks for carbon bound to
carbon, hydrogen and oxygen as described in section 2.3, referencing the
hydrocarbon peak to 285.0 eV to offset the XPS binding energy scale for sample
charging23 . An additional C(1s) peak for a carbide carbon environment was fitted
at 282.1 eV*. The asymmetric envelopes of O(1s) spectra were fitted with 3 peaks
at binding energies of 530.5 eV, 532.3 eV and 534.2 eV, which was the minimum
number of peaks needed to fit the data with Gaussian peaks of equal full-width-
at-half-maximum (FWHM).

Zr(3d) core level doublet spectra from untreated Zr(OBu), films were

fitted with Gaussian peaks at binding-energies of 183.0 eV, 2.0 eV wide (FWHM),
and 185.4 eV, 2.2 eV wide (FWHM), respectively. The Zr(3d) spectral envelope
for treated Zr(OBu), films were fitted with two pairs of doublet peaks, each
doublet having the same binding energy separation (2.40 eV), widths and
intensity ratio (°/,/, = 3:2) as the Zr 3d doublet from untreated Zr(OBu), films.
FTIR transmission spectra were recorded from freshly pressed KBr disks
spin coated with' Zr(OBu), solution, and from coated KBr disks which had been

oxygen plasma treated for 5 minutes at a RF power of 30 W. Attenuated total
reflection infrared (ATR-IR) absorption spectra of cleaned PET substrates,
Zr(OBu), spin coated on PET substrates and plasma treated Zr(OBu), coatings on
PET substrates were recorded, using the method described in section 2.2.

Spin coated film thickness on glass and PET substrates was estimated by
weighing substrates before and after spin coating, using an electronic balance
(Mettler). A Tencor Instruments o-step 200 profilometer, with an 11 mg stylus
écanned at 10 um/s, provided cross-section profiles of the edge of spin coated
films on glass substrates, having used a glass cover slide attached to the glass
substrate as an edge mask.

XPS sputter etch depth profiles were performed in a Vacuum Generators

'CLAM 100 chamber (base pressure 1 x 10-10 mbar) using an hemispherical

electron energy analyser in constant analyzer energy (E,., = 50 eV) mode.
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Sputtering was achieved with a cold cathode ion gun operated in 5 x 10° mbar of
. argon, accelerating an ion current of 1.5 uA to an energy of 3 keV.

Oxygen, argon and helium gas permeability of uncoated, coated and
oxygen plasma treated coated PET films were determined using a laboratory-
built mass spectrometric instrument™”. A 1 cm radius disc of polymer sample
was clamped between a copper gasket and a stainless steel flange, Figure 4.3.
The coated side of the polymer sample was exposed to a pressure of 1000 Torr of
the gas permeant to be measured; oxygen, argon or helium (99.6%, 99.995% and
99.999% purity respectively, BOC). The uncoated side of the polymer sample,
supported by an electron microscopy grid, was connected to the preparation
chamber of a Kratos ES300 spectrometer, which was monitored by an UHV
ionization gauge and a computer-interfaced quadrupole mass spectrometer
(Vacuum Generators, model SX200). The mass spectrometer signal intensity was

calibrated in terms of pressure by admitting into the mass ;spectrometer chamber
10" Torr of each permeant gas, taking into account ion gauge sensitivity factors”.

The mean equilibrium partial pressure of a permeant gas was calculated from

mean mass spectrometer signal after equilibrium was attained.

Steel - Copper
Flange\ E’% Gasket

Mass — L ——— Permeant
Spectrometer ——— — Gas
Grid / I " T~~~_Polymer
Film

Figure 4.3 Apparatus for mass spectrometric gas permeability measurement™”.
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The surface topography of oxygen plasma treated Zr(OBu)s spin coated
on SDT PET was characterized by AFM in air, as described in section 2.1, using a

Digital Instruments Nanoscope III in Tapping Mode™.
4.3 RESULTS

4.3.1 XPS

4.3.1.1 Zr(OBu), Spin Coated On Glass, PET and Silent Discharge
Treated PET

Spin coated films of Zr(OBu)s on substrates of glass, PET and silent
discharge treated (SDT) PET yielded only photoélectron peaks for zirconium,
oxygen, and carbon. The Si(2p) spectral region of films on glass showed no
photoelectron peak, indicating complete coverage of the glass slide. Good
coverage of PET and SDT PET by Zr(OBu)4 was indicated by the C(1s) spectral
lineshapes from films on these substrates, Figure 4.4, which resembled the C(1s)
shape of Zr(OBu)y films on glass rather than that of bare PET substrates.

Elemental composition of coating surfaces, calculated from XPS peak
areas using instrumentally determined sensitivity factors, indicated a large loss
in carbon content from zirconium butoxide molecules during spin coating, Table
4.1. The change in composition is largest in the case of glass substrates and

smallest for untreated PET.

% Carbon % Zirconium % Oxygen
Theoretical Zr(OBu)y 76.2 4.8 19.0
Spin Coated On Glass 18.8 +1.2 234+0.5 57.8 1.2
Spin Coated On PET 350+ 14 21.8=038 $32:13
Spin Coated On SDT PET 30.2+0.9 18.8 + 0.4 51.0+0.7

Table 4.1 Surface composition of spin coated Zr(OBu)y4 films compared with

theoretical Zr(OBu)4 composition.
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C(1s) spectra, shown unnormalized due to the low signal to noise of the
weak C(1s) counts, Figure 4.4, indicated a predominance of hydrocarbon centres,
and the presence of oxidized carbon atoms, in Zr(OBu)y4 spin coated film surfaces
on all three substrates. Zr(3d) doublet spectra from all three spin coated films,
shown normalized to equal height for most intense data point, Figure 4.5, were
fitted closely by just two peaks, at 183.0 eV and 185.4 eV, indicating a single
oxygen bound zirconium environment to be present at film surfaces. O(1s)
spectra, shown normalized to equal height for most intense data point, Figure
4.6, indicated the presence of three oxygen environments, since this was the
minimum number of Gaussian peaks of equal width required to closely fit the
data. The peaks are inkeeping with the presence of oxygen in the chemical

environments: covalently bound to zirconium*?*%; hydroxide and adsorbed
y y

3132, 2429

water’”; and oxidized carbon species™”. Table 4.2 shows how the proportion of

the three oxygen environments differs amongst films spin coated on the three

different substrates.

Assigned Chemical Environment ZrO OH/H,0 CQO,
Binding Energy / eV (+ 0.1 eV) 530.5 532.3 534.2
Zr(OBu)4 spin coated on glass 58 % 39 % 3%

Zr(OBu)4 spin coated on PET 53 % 42 % 5%

Zr(OBu)y spin coated on SDT PET 51 % 45 % 4%

Table 4.2 O(1s) XP peak positions and area proportions (+ 2 %) for Zr(OBu)4 films
spin coated on glass, PET and SDT PET.
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Counts

275 280 285 290 295

Binding Energy / eV

Figure 4.4 C(1s) spectra of Zr(OBu), spin coated on: (a) PET; (b) SDT PET; and (c)

glass.
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Figure 4.5 Zr(3d) spectra of Zr(OBuy), spin coated on: (a) PET; (b) SDT PET; and
(c) glass.
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Figure 4.6 O(1s) spectra of Zr(OBu), spin coated on: (a) PET; (b) SDT PET; and ()

glass.
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4.3.1.2 Silent Discharge Treated Zr(OBu), Spin Coated On Glass

{ Substrates

XPS analysis revealed that the surface composition of Zr(OBu), films spin

coated on glass was barely altered by silent discharge treatment in air at a single
set of conditions, Table 4.3, and that C(1s), O(1s) and Zr(3d) spectral lineshapes
were not significantly modified. The Si(2p) spectral region showed only the
background electron count, confirming that underlying glass had not been

exposed by silent discharge treatment.

% Carbon % Zirconium % Oxygen
Zr(OBu), / Glass 19 23 58
SDT Zr(OBu), / Glass 17 20 63

Table 4.3 Surface composition (+ 1.2 %) of untreated and silent discharge treated

Zr(OBu), spin coated on glass.

4.3.1.3 Plasma Treated Zr(OBu), Spin Coated On Glass Substrates

Oxygen gas and water vapour non-isothermal plasma treatments of
Zr(OBu), films spin coated onto glass substrates resulted in decreased surface

carbon content, and increased oxygen content, Figure 4.7. An increase in the
proportion of carbide carbon centres (C-Zr peak at 282 eV) and a decrease in the
proportion of hydrocarbon during plasma treatments in both gases is indicated
by C(ls) spectra, Figure 4.8. Zr(3d) spectra show that a new, more highly
oxidized zirconium environmént was created during plasma treatments, Figure
4.9. O(1s) spectra indicate that, of the three oxygen environments present, the
lowest binding state was predominant in the surface of untreated films, whereas
the middle binding energy environment was most populated in the plasma

treated films surface, Figure 4.10.
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Figure 4.7 Surface composition of Zr(OBu), films on glass: (a) untreated; (b) H,O
plasma treated (40 W, 2 min); and (c) O, plasma treated (60 W, 2 min).
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Figure 4.8 C(1s) XP spectra of Zr(OBu), films on glass: (a) untreated; (b) H,O
plasma treated (30W, 5 min); and (c) O, plasma treated (30 W, 5 min).
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Figure 4.9 Zr(3d) XP spectra of Zr(OBu), films on glass: (a) untreated; (b) H,O
plasma treated (30W, 5 min); and (c) O, plasma treated (30 W, 5 min).
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Figure 4.10 O(1s) XP spectra of Zr(OBu), films on glass: (a) untreated; (b) H,O
plasma treated (30W, 5 min); and (c) O, plasma treated (30 W, 5 min).
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4.3.1.4 Oxygen Plasma Power Variation

The variation of surface elemental composition, Figure 4.11, and C(1s),
Zr(3d) and O(1s) XP spectral peékﬁts, Table 4.4, with oxygen plasma RF power
was determined for 2 minute long treatments of Zr(OBu), films on glass.
Increase in plasma power above 10 W had no additional significant effect on film
surface composition, Figure 4.11. However, the proportion of the more highly
oxidized zirconium environment (Zr II), the middle binding energy oxygen
environment and carbide carbon centres increased with plasma power up to 60

W, Table 4.4.

- %C

—— %Zr

——9%0

% Oxygen

% Carbon and Zirconium

Treatment Power /W

Figure 4.11 Carbon, zirconium and oxygen content of Zr(OBu), films on glass

versus power of O, plasma treatment.

Power /W | %ZrlI | %OI |%OIl |%OIl |%CxHy |%C-Zr

0 0 58.3 38.4 3.3 63.7 7.3
5 9.5 40.3 50.9 8.7 60.0 10.2
10 5.8 46.0 46.1 79 61.7 11.2
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20 12.9 48.1 44.1 7.8 58.1 12.7
30 15.6 43.7 45.9 10.4 63.4 11.4
40 14.8 48.1 43.2 8.7 56.7 13.1
50 10.5 49.6 44.8 5.6 55.2 13.7
60 18.2 48.2 48.4 34 55.0 16.9

Table 4.4 Peak fit area proportions (errors < 2 %) of Zr(OBu), coated on glass as a

Zr(OBu), films on glass were treated in a 30 W O, plasma for durations up

to 10 minutes. XPS analysis showed that the film surface was continuously
enriched in oxygen and depleted of carbon between treatment times of about 2
and 8 minutes, Figure 4.12. A maximum of 29.1 % of surface zirconium atoms
were modified to the higher binding energy environment after 5 minutes

treatment, Table 4.5. Additionally, after 5 minutes treatment, no further increase

~ function of O, plasma treatment power.

4.3.1.5 Oxygen Plasma Duration Variation

in the O II peak nor carbide carbon was observed, Table 4.5.

104




Chapter Four

~&-9,C
=
=
§ ——%Zr
S
'g -—-9°.0
©
c
O
L2
©
@)
X
5 : : : : 55
0 2 4 6 8 10

Treatment Time / min

Figure 4.12 Carbon, zirconium and oxygen content of Zr(OBu), films on glass

versus duration of O, plasma treatment.

Duration / min | % ZrII|%OI |%OII [ % OII| % CxHy | % C-Zr
0 0 58.3 38.4 3.3 63.7 7.3

0.5 5.3 43.8 43.5 12.7 63.4 16.2
1 18.8 47.2 441 8.7 68.4 7.7

2 15.6 43.7 45.9 10.4 63.4 11.3

5 29.1 38.9 53.7 7.5 56.3 14.2

7 18.2 39.1 54.6 6.3 68.6 10.0

8 24 37.7 54.0 8.3 66.0 15.6

10 18.3 40.8 50.9 8.3 59.6 14.5

Table 4.5 Peak fit area proportions (errors < 2 %) of Zr(OBu), coated on glass as a

function of O, plasma treatment duration.

4.3.1.6 Water Plasma Power Variation
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Zr(OBu), coated glass slides were purged in 0.2 mbar pressure of H,O

vapour for 10 minutes prior to H,O plasma treatment for 2 minutes at RF powers

up to 50 W. XPS analysis showed that the purge in water vapour caused a 5 %
increase in surface carbon content and the same decrease in oxygen content,
Figure 4.13. Water plasma treatment at 5 W power returned the surface
composition to pre-purged values, and carbon content decreased further up to a
power of 30 W above which no change was observed, Figure 4.13. The
proportion of high binding energy zirconium environments and oxygen atoms
giving rise to peak O II reached a maximum at about 20 W water plasma

treatment, above which a smaller proportion of these species were detected,

Table 4.6.
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Figure 4.13 Carbon, zirconium and oxygen content of Zr(OBu), films on glass

versus power of H,O plasma treatment.
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Power /W | %ZrIl [%OI |%OIl |%OII | %CxHy | %C-Zr
0 0 52.3 43.1 4.7 57.7 9.0
5 _ 5.6 40.3 51.1 8.6 81.3 9.5
10 13.2 46.3 49.6 4.1 64.6 9.2
15 10.4 40.5 55.9 3.6 76.7 11.1
20 17.7 46.7 49.8 3.2 70.2 10.7
30 13 50.4 459 3.7 66.5 10.3
40 15.5 489 42.3 3.6 68.3 10.4
50 11.1 51.5 44.3 42 63.7 9.9

Table 4.6 Peak fit area proportions (errors < 2 %) of Zr(OBu), coated on glass as a

function of H,O plasma treatment power.

4.3.1.7 Water Plasma Duration Variation

Following a purge in 0.2 mbar pressure of water vapour for 10 minutes,
water plasma treatments of coated glass slides at 30 W power were performed
for durations up to 10 minutes. A smoothly varying decrease of carbon content
and increase of oxygen content was observed with increasing plasma treatment
times up to 3 minutes, after which film surface composition remained
unchanged, Figure 4.14. Zr(3d) and O(ls) peak fit area proportions are
continuously modified until the longest studied treatment times, Table 4.7.
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Figure 4.14 Carbon, zirconium and oxygen content of Zr(OBu), films on glass

versus duration of HO plasma treatment.

Duration / min | % ZrII| %Ol |%OIl [ % OII | % CxHy | % C-Zr
0 0 52.3 43.1 4.7 57.7 9.0
0.5 7.7 47.6 489 3.5 67.8 8.7
1 6.3 45.5 51.0 3.6 64.9 13.2
2 13 50.4 45.9 3.7 66.5 10.3
3 9 44.2 50.5 5.2 75.1 11.2
5 22.2 49.1 46.0 49 76.5 17.1
7 13.8 35.2 58.0 6.8 79.0 194
10 219 38.0 55.4 6.7 75.2 18.2

Table 4.7 Peak fit area proportions (errors < 2 %) of Zr(OBu), coated on glass as a

function of O, plasma treatment duration.

4.3.1.8 Plasma Treated Zr(OBu), Spin Coated On PET Substrates
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Silent discharge treated PET was used as a substrate to investigate the
effect of oxygen and water plasma treatments of Zr(OBu), films spin coated onto
PET film. As observed for plasma treatments of films spin coated on glass,
surface content of carbon was decreased and that of oxygen was increased by
plasma treatment, Figure 4.15; Zr(3d) spectra showed a new more highly
oxidized chemical environment, Figure 4.17; and O(1s) spectra, Figure 4.18,
showed that the chemical environment of oxygen atoms altered in favour of

middle binding energy sites.
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Figure 4.15 Surface composition of Zr(OBu), films on SDT PET: (a) untreated; (b)
H,O plasma treated (50W, 2 min); and (c) O, plasma treated (2 W, 2 min).
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Figure 4.16 C(1s) XP spectra of Zr(OBu), films on SDT PET: (a) untreated; (b) H,O
plasma treated (20W, 2 min); and (c) O, plasma treated (20 W, 2 min).
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Figure 4.17 Zr(3d) XP spectra of Zr(OBu), films on SDT PET: (a) untreated; (b)
H,O plasma treated (20W, 2 min); and (c) O, plasma treated (20 W, 2 min).
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Figure 4.18 O(1s) XP spectra of Zr(OBu), films on SDT PET: (a) untreated; (b) H,O
plasma treated (20W, 2 min); and (c) O, plasma treated (20 W, 2 min).

4.3.1.9 Oxygen Plasma Power Variation |

Strips of coated SDT PET were treated in an oxygen plasma for 2 min
duration using RF powers up to 20 Watts; samples exposed for 2 min to plasmas
greater than 20 W were found to be shriveled, discoloured and embrittled after
treatment. XPS analysis indicated that the lowest power, 2 W, treatment, caused
a decrease in carbon content of 20 %, an increase of approximately 10 % in

zirconium and oxygen content, Figure 4.19. Treatments at higher powers,
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however, caused carbon content to increase and oxygen content to decrease
relative to the 2 W treated values, with no further change in zirconium content.
Zr(3d) spectra show a gradual Zr(OBu), increase of the higher binding energy
environment with increasing plasma power, whilst O(ls) spectra indicate no

clear trend with plasma power, Table 4.8.
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Figure 4.19 Carbon, zirconium and oxygen content of Zr(OBu), films on SDT PET

versus power of O, plasma treatment.

Power /W | % ZrlI |%OI |%OI |%OII | %CxHy |%C-Zr
0 0 50.6 45.3 4.1 76.3 0
2 14.4 49.8 37.5 12.6 71.0 0
5 10.4 47.6 41.7 10.7 65.2 0
7 59 39.6 51.1 9.2 69.4 4.3
10 7.5 43.7 47.3 9.0 68.2 10.4
12 12.9 36.9 53.1 10.0 69.0 10.5
15 19.3 49.8 43.3 6.9 64.8 10.5
20 15.7 51.6 54.3 7.6 64.6 6.4
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Table 4.8 Peak fit area proportions (errors < 2 %) of Zr(OBu), coated on SDT PET

as a function of O, plasma treatment power.

4.3.1.10 Oxygen Plasma Duration Variation

XPS of Zr(OBu), films on SDT PET treated in a 10 W oxygen plasma for
durations up to 10 minutes show that the significant change in composition
occurred within the first 30 seconds of treatment, Figure 4.20; 8 min and 10 min
treatments resulted in a less modified composition than shorter treatments.
Zr(3d) spectra show that a maximum of 18 % of zirconium atoms were converted
to a higher binding energy environment after 5 minutes of treatment, Table 4.9.
Treatment times of 8 minutes and longer had a significant effect in increasing the
middle binding energy peak in O(1s) spectra, Table 4.9. Hydrocarbon proportion
of C(1s) area was lowest for short duration treatments, and carbide carbon was

present for any oxygen plasma treatment, Table 4.9.
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Figure 4.20 Carbon, zirconium and oxygen content of Zr(OBu), films on SDT PET

versus duration of O, plasma treatment.
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Duration /min | % ZrII| % OI [%OIl | % OII | % CxHy | % C-Zr
0 0 50.6 45.3 4.1 76.3 0
0.5 6.2 445 47.4 8.0 54.5 8.7
1 11.7 43.7 46.8 9.5 61.1 10.1
2 7.5 43.7 47.3 9.0 68.2 10.4
5 17.9 45.2 48.6 6.2 67.8 10.5
7 16 32.7 59.0 8.3 65.7 10.5
10 15.6 35.0 58.7 6.3 70.1 6.4

Table 4.9 Peak fit area proportions (errors < 2 %) of Zr(OBu), coated on SDT PET

as a function of O, plasma treatment duration.

4.3.1.11 Water Plasma Power Variation

10 minutes purge of Zr(OBu), films on SDT PET in 0.2 mbar water vapour
increased carbon and decreased oxygen content. The extent of change was
approximately the same as that for Zr(OBu), films on glass purged in water
vapour, Figure 4.21. Composition changes in the opposite direction from that
observed for water purges occurred for water plasma treatments up to about 20
W, with no further significant modification for higher powers, Figure 4.21.
Unlike O, plasma treatments, H,O plasma treatments of films on SDT PET caused
no distortion nor embrittling of the samples.

Zr(3d) spectra show that 5 W water plasma treatment changes 36 % of
zirconium atoms into the higher binding environment, Table 4.10; the highest
proportion observed in this study. O(1s) spectra indicate a small increase in the
proportion of the O II peak and a decrease in the O I peak up to plasma powers
of approximately 10 W, Table 4.10. The C(1s) hydrocarbon peak proportion
diminished up to powers of about 30 W, whilst no carbide peak was observed to

the low binding energy of the hydrocarbon peak after any water plasma

treatment, Table 4.10.
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Figure 4.21 Carbon, zirconium and oxygen content of Zr(OBu), films on SDT PET

versus power of H,O plasma treatment.

Power /W | % ZrIl {%OI |%OIl |%OIl | % CxHy |%C-Zr
0 4.9 50.3 449 4.6 78.8 0
5 36.1 47.0 47.1 5.9 63.9 0
10 28.9 38.5 51.3 10.3 71.1 0
15 312 47.6 47.5 4.9 68.8 0
20 33 44.2 50.2 5.6 67.0 0
30 36.6 46.2 48.7 5.1 63.4 0
40 35.5 43.7 51.4 ‘4.9 64.5 0
50 36.8 46.7 47.4 5.9 63.2 0

Table 4.10 Peak fit area proportions (errors < 2 %) of Zr(OBu), coated on SDT

PET as a function of H,O plasma treatment power.

4.3.1.12 Water Plasma Duration Variation
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XPS analysis of films on SDT PET water plasma treated for up to 10
minutes duration showed that carbon content decreased and oxygen content
increased during the first 2 minutes of treatment, to a final carbon content of
about 25 %, Figure 4.22. Peakfits of Zr(3d) spectra show that 0.5 and 1 minute
water plasma treatment modifies 25 % of surface zirconium to a higher binding
energy chemical environment, and longer treatments result in less final
modification, Table 4.11. An increase of the O II peak of roughly 7 %, at the
expense of the O I peak, occurs gradually within the first 3 minutes of treatment,
Table 4.11. Hydrocarbon proportion of C(1s) peak area decreases 12 % after 1

minute of treatment and increases slightly thereafter, whilst no carbide carbon is

observed, Table 4.11.
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Figure 4.22 Carbon, zirconium and oxygen content of Zr(OBu), films on SDT PET

versus duration of H,O plasma treatment.

Duration / min | % Zr1l] %O1] %O | %OTI| %CxHy | % CZr
0 29 | 503 | 449 | 46 78.8 0
05 244 | 469 | 456 | 75 70.7 0
1 249 | 440 | 484 | 75 635 0
2 68 | 442 | 502 | 56 67.0 0
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3 18 44.5 50.7 4.8 68.7 0
5 20.8 40.7 52.9 6.4 67.0 0
7 14.4 44.9 50.2 4.9 75.8 0
10 16.5 42.8 52.2 5.0 76.1 0

Table 4.11 Peak fit area proportions (errors < 2 %) of Zr(OBu), coated on SDT

PET as a function of H,O plasma treatment duration.

4.3.2 Argon Ion Etch Depth Profiles

XPS surface analysis after increasing times of ion etching provided the
composition depth profile of a Zr(OBu), film spin coated on glass, Figure 4.23. 50
s of argon ion etching untreated Zr(OBu), on glass resulted in a film surface with
18 % less carbon, 8 % more oxygen and 10 % more zirconium than the untreated
film. Surface composition remained constant for etch times between 50 s and 500
s, at which point silicon from the glass substrate was detected and oxygen
content decreased slightly. The high binding energy shoulder of O(1s) spectra
decreased with sputter time, Figure 4.24, and Zr(3d) spectra broadened for etch
times of greater than 240 seconds, Figure 4.25.
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Figure 4.23 Ar Ion Etch Composition Depth Profile of Zr(OBuy), Spin Coated on
Glass.
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Figure 4.24 O(1s) spectra as a function of cumulative Ar ion etch time for
untreated Zr(OBu), spin coated on glass.
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Figure 4.25 Zr(3d) spectra as a function of cumulative Ar ion etch time for

untreated Zr(OBuy), spin coated on glass.
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Argon ion etching of 30 W 2 min O, plasma treated Zr(OBu), film on glass
for 100 sec resulted in a surface composition with 26 % less carbon, 12 % more
oxygen and 14 % more zirconium than the unetched film, Figure 4.26.
Composition changed most rapidly up to 100 s etch time, after which surface
zirconium content no longer changed, whilst carbon content decreased and
oxygen content increased with etch time at a slower rate. No abrupt change in
film composition was observed at the time when substrate silicon was detected.
C(1s), Zr(3d) and O(1s) spectral lineshapes changed with etch time similarly to
those for untreated Zr(OBu), on glass, Figures 4.24 and 4.25.
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Figure 4.26 XPS Ar Ion Etch Depth Profile of Oxygen Plasma Treated Zr(OBu),
' Spin Coated on Glass.
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4.3.3 FTIR

Transmission FTIR spectra of 2 % weight / volume Zr(OBu), solution spin
coated on freshly pressed KBr discs, Figure 4.27(a), showed absorbances for: Zz-
O (at 440 cm™ and 640 cm™)®*; for CO(H) (at 1070 cm”, 1377 cm” and 1458 cm™)”;
for the butyl functionality (at 1136 cm”)*; for CH, (at 2876 cm™ 2928 cm™ and 2955
em™)®; and for OH/H,O (at 1604 cm™ and 3316 cm™) * as previously reported for
zirconium alkoxides™”. FTIR spectra of Zr(OBu), solution spin coated on KBr
discs and O, plasma treated at 30 W for 2 minutes, Figure 4.27(b), showed
absorption peaks only for Zr-O bonds, indicating that plasma treatment of the
coated KBr disks removed all detectable carbon groups. Attenuated total

internal reflection infrared (ATR-IR) spectra of Zr(OBu), films spin coated on

clean PET and silent discharge treated PET substrates did not differ from the
ATR-IR spectra of clean PET film, Figure 4.28, indicating that spin coated films
were insufficiently thick to produce infrared absorptions in addition to those of

the substrate.

Absorbance

400 1400 2400 3400

Wavenumbers / cm

Figure 4.27 Transmission FTIR spectra of Zr(OBu), spin coated on KBr: (a)
untreated; and (b) O, plasma treated for 2 minutes at 30 W.
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Figure 4.28 ATR-FTIR spectra of (a) clean PET; (b) SDT PET; and (c) Zr(OBu),
spin coated on SDT PET.

124




Chapter Four

4.34 Gas Permeability Of Zr(OBu), Coatings On PET Substrates

Mean equilibrium partial pressures (MEPPPs) of oxygen, argon and

hélium for membranes of untreated PET and oxygen plasma treated Zr(OBu),

spin coated on PET, indicate that the plasma treated coating presents some

barrier to helium and oxygen permeability, but does not significantly reduce

argon permeability, Table 4.12.

Membrane O, MEPPP/ torr Ar MEPPP/ torr | He MEPPP/ torr
Untreated PET 0.160 £ 0.002 0.158 £0.06 7.32%0.08

SDT PET 0.169 +0.005 0.156 £ 0.04 7.51+0.03

O, Plasma Treated 0.144 £ 0.006 0.150 + 0.002 59+0.1
Zr(OBu), on SDT PET

Table 4.12 Mean equilibrium permeant partial pressures (MEPPPs) of O,, Ar and

He for untreated PET, silent discharge treated (SDT) PET and O, plasma treated
Zr(OBu), on SDT PET.

4.3.5 Film Thickness Estimation

The change in mass of glass slides due to spin coating with 2% Zr(OBu)4

solution was determined to be 150 + 80 pg. An assumed density of 1 g/ em’ and

the slide surface area of 1.33 + 0.05 cm’ provided a thickness estimate of 1.1 + 0.6

um for films on glass. Profilometry measurements of the edge of a Zr(OBu)y4 film

spin coated on glass indicated a film thickness of 0.4 um. In contrast to the glass

substrates, change in mass of a PET substrate due to spin coating with Zr(OBu)4

solutions of various concentrations was not detectable with the electrobalance

used, indicating that spin coated film thickness on PET is < 0.25 pm.

4.3.6 AFM
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The topography of oxygen plasma treated Zr(OBu), films spin coated on
PET was shown by atomic force microscopy to be macroscopically rough and
undulating on a hozontal scale of 5 um, Figure 4.29, and less rough on length
scales less than 1 pm, Figure 4.30.
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O, Plasma ZrOBu / PET

Figure 4.29 Atomic force micrographs of O, plasma treated Zr(OBu), films spin
coated on PET (1 um per x-axis division).
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Figure 4.30 Atomic force micrograph of O, plasma treated Zr(OBuy), film spin
coated on PET (0.2 um per x-axis division).

4.4 DISCUSSION

Three distinct stages of the coating process are of interest: the behavior of
Zr(OBu), in alcohol solution; reactions of precursor molecules with substrate
surface species and with atmospheric moisture during spin coating; and finally
reactions of impinging plasma species with the solid precursor film surface.

The high reactivity of zirconium in its +4 coordination state drives
solvation and oligomerization of monomeric alkoxide molecules in alcohol

13,15,16

solution, resulting in solvated coordination complexes™ ™", Figure 4.31.
Precursor polymerization may aid in complete substrate coverage and in
forming well cross-linked gas barrier coatings upon oxidation. Alcoholysis
reactions with propanol solvent modify Zr(OBu), molecules by exchange of up
to 4 butoxy ligands for propoxy groups, which induce a greater degree of

oligomerization due to their lesser steric bulk*. Comparison of transmission
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36,37, -
* confirmed the presence

infrared absorbencies to previously reported spectra
of only 'Zr(OBu)‘i species in the Zr(OBu), solution diluted to 2 % concentration

with propan-1-ol, Figure 4.27.
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Figure 4.31. Structure of a trimeric solvated coordination complex of Zr(OR), in

alcohol solution™”.

Zirconium alkoxides are highly reactive towards hydrolysis: for use in sol-
gel processing their functionality is usually reduced by complexation with B-
diketonates to prevent premature precipitation of zirconia™***. Uncontrolled
hydrolysis of a n-butanol solution of Zr(OBu), by atmospheric moisture occurs
over a period of weeks producing caked powder®, whilst accelerated hydrolysis
can produce ultrafine powders” or gels® depending on solution pH and the
proportion of water added. Despite efforts made in this study to limit precursor
contact with atmospheric moisture, some hydrolysis, reaction 1, and

condensation, reaction 2, probably occurred by the time of spin coating.
Zx(OR), + xH,0 -> [Zr(OR),,(OH),] + xROH (R = Pr' or Bu") Reaction 1

[Zr(OR),.(OH) ] + Zr(OR), -> [Zr-O-Zr(OR), (OH),,] + ROH (R =Pr' or Bu")

Reaction 2

Spin coating is an established method for producing thin, uniform films of
polymers and inorganic salts by dropwise addition of a volatile solution onto a

substrate followed by high speed (>1000 rpm) spinning to remove the
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solvent . An estimation of film thickness of 1.1 £ 0.6 um is inkeeping with the
thickness of films spin coated from dilute solutions of sol-gel precursors”.
Hydrolysis reactions during spin coating account for the large decrease in carbon
and increase in zirconium and oxygen content, compared with stoichiometric
Zr(OBu),, observed by XPS for spin coated films on each substrate, Table 4.1.
Loss of a large proportion of the alkoxy ligands from adsorbing zirconium
species as volatile butanol ‘and propanol groups forms a film of hydroxylated

“* some with unremoved pendant organic groups.

zirconium oxo-polymers
Solvent and product alcohol molecules may become trapped in the growing spin
coated film, further contributing to the film’s organic content.

XPS studies of Zr(OBu™), adsorbing onto a hydroxylated aluminium
surface at 105 Kelvin in UHV showed that the first monolayer adsorbed by loss
of two butoxide ligands via proton transfer to give a surface bound di-
butoxyzirconium species, and that subsequent multilayers of Zr(OBu), adsorb
intact”. During spin coating in air the rate of Zr(OBu), hydrolysis is increased by
atmospheric H,O, and by hydroxyl groups and a residual water film on the
substrate surface. Additionally, the surface of glass substrates catalyses

*# allowing a chain reaction hydrolysis of

dehydration of alcohol molecules
Zr(OBu), to occur and explaining the greater composition change observed for
this substrate over that for PET and SDT PET, Table 4.1.

Zirconium complexes react preferentially with carboxylate groups on
oxidized polymer surfaces, forming Zr-O-C bonds®”. These interactions
enhance polymer surface adhesion of inks, paints and adhesives, cross-link
polymers™, and can, in some situations, block adhesive sites causing abhesion.
When Zr(OBu), is deposited onto PET or silent discharge treated PET substrates,
bonds form between polymeric zirconium alkoxy species and C-O, groups on the
polymer surface. Oxidized species present on SDT PET cause removal of a larger
number of organic ligands than during spin coating on untreated PET, Table 4.1.

A single resolved Zr(3d),,, spin component peak at 183.0 eV in XP spectra

d24,29,30,53,54

of untreated films indicates a single oxygen-boun or hydroxylated™
zirconium environment, inkeeping with presence of a -Zr-(OR)-Zr-(OH)- type
oxo-polymer structure shown in Figure 4.31. Peak fits of O(1s) spectra indicated

three oxygen chemical environments present at untreated film surfaces;

129



Chapter Four

predominantly O I at 530.5 eV, typical of oxygen covalently bound to
zirconium®®*’; O II at 532.3 eV, assigned to OH and adsorbed water*; and O III,
of least intensity, at 534.2 eV attributed to C-O, species™”. Intact alkoxide
ligands together with hydrocarbon contamination at the surface of untreated
films contributed to a C(1s) lineshape comprising mainly hydrocarbon, used as a
charge reference at 285.0 eV, and a lesser C-O peak.

Bombardment of the film surface with 'streamers' of energetic electrons
and reactive ozone molecules present during silent discharge treatment”,
appeared not to have a strong effect on Zr(OBu), film composition, Table 4.3, nor,
from XPS lineshapes, on chemical bonding. Ozone molecules are the most
abundant chemically reactive species in atmospheric pressure plasma as opposed
to oxygen radical species as in low pressure non-equilibrium plasmas. Such
physico-chemical differences at the discharge-film interface account for a smaller
film modification effect during silent discharge treatment.

Inductively coupled non-isothermal plasma reactors supply a high
concentration of reactive species, such as radicals and metastable excited species,
and only a low flux of ion bombardment, making them ideal for "ashing” of
microelectronics resist rather than non-isotropic pattern etching™. Surface
modification in such a plasma is likely to be dominated by the reaction of Zr-O-C
groups at the precursor film surface with oxygen radicals; nucleophilic attack
will break O-C bonds in preference to Zr-O bonds, since the latter are stronger””,
resulting in the removal of volatile oxidized organic molecules, such as CO, and
C.H 0, and the formation of cross-linked zirconium oxide at the sample surface.
Transmission infrared spectra of Zr(OBu), films spin coated on freshly pressed
KBr, Figure 4.27, indicate almost complete removal of carbon species during O,
plasma treatment, whilst XPS results for Zr(OBu), spin coated on glass show a
decrease in surface carbon content of 11 + 2 %, figure 4.7, and a depth profile of
O, plasma treated films on glass confirm that carbon persists through to the film-
substrate interface.

The ability of energetic oxygen atoms and ions in non-isothermal oxygen
plasmas to oxidize and completely remove the organic component of
metalorganic precursors has been demonstrated in studies of PECVD” and in
surface treatment of organo-siloxane polymers®”. Comparison of results in the
present study with PECVD™”and pyrolytic decomposition of Zr(OBu), vapour at
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350 °C™**, in which carbon-free ZrQ, is produced, indicates that an energy barrier
exists against removal of carbon containing groups from precursor molecules
which is higher than the energy provided by plasma species. The higher binding
energy Zr(3d) environment observed for plasma treated film surfaces indicates
that ZrO, was produced, distinguishable by a chemical shift of +2.0 eV from Zr-
O-C or Zr-O-H environments in the untreated film, Figures 4.8, 4.16. After
plasma treatment, the dominant O(ls) oxygen environment changes from
oxygen bound to zirconium, to oxygen in adsorbed water and OH groups;
hydrated /hydroxylated oxide is formed from the solvated organo-oxo-
zirconium polymer.

During O, plasma enhanced CVD using organometallics, the plasma
concentration of carbon-rich atoms detected by mass spectrometry was reported
to correlate with the final amount of carbon at the surface of deposited metal
oxide films®. Above the spin coated film during plasma treatment in the present
study, there exists a solid-plasma interface which consists of arriving plasma
species and fragments removed from the film; carbon containing species may be
re-deposited on the film surface as a result of carbon-rich fragments in the
plasma-surface interface region. Recently, much interest has been shown in
'ormocer’s (organically modified ceramics) in which residual organic molecules
reduce the degree of oxo-polymer cross-linking, decreasing the necessary
processing temperature, or create organic polymer networks, forming novel
inorganic-organic composites®”.  Non-isothermal O, and HO plasma
treatments of what is conventionally a sol-gel precursor provides a new route to
synthesize this class of materials.

Non-isothermal water plasma treatment of nickel oxide™ and tin oxide®,
investigated as an alternative surface cleaning process, resulted in removal of all
detectable surface carbon contamination and in surface hydration and
hydroxylation. The attack of a spin coated film of Zr(OBu), by OH" ions and
radicals of a water plasma produce hydrolysis of Zr-O-R functionalities
remaining at the film surface to give metal oxide or hydroxide groups on the
surface with the loss of volatile organic groups.

Films coated on both glass and SDT PET substrates underwent greater
changes in film composition and Zr(3d), O(1s) and C(1s) spectra during plasma
treatment in O, gas than in H,O vapour, figures 4.7-4.22. Also notable were the
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lower value of power and duration above which no further change occurred for
oxygen plasma treatment, figures 4.19-4.22, and the absence of zirconium carbide
production for water plasma treatment of Zr(OBu), films on SDT PET, figure
4.18. These results may be explained by the higher reactivity of oxygen radicals
than hydroxy radicals towards precursor molecules’ alkoxy ligands.

Zr-C bonds form upon heating to 110°C, or argon ion bombardment, of a
hydrocarbon overlayer on zirconia'; it has been proposed that as ZrO, bonds are
broken, electrons are freed which allow Zr-C bond formation whilst oxygen
atoms are adsorbed into the bulk. In the present study, carbide formation was
observed for O, and H,O plasma treatment of Zr(OBu), films upon glass, figure
4.10, and for O, plasma treatment of Zr(OBu), films upon SDT PET, figure 4.18;
the combination of O, O*, or OH" ion bombardment with heating of the film
surface, due to bombardment by energetic plasma particles®, is sufficient to
break Zr-O bonds and allow zirconium carbide to form.

During formation of metal oxides by PECVD, deposition rate increases
with R.F. plasma power at low power, and is independent of power at higher
powers™®. Increased plasma power provides greater energy for ionization,
creating a greater density of free electrons and of reactive species”; during
PECVD, the ratio of plasma power to flow rate determines film chemical
structure®®. As plasma treatment power was varied in the present study, the
proportion of carbon in the film decreased and that of oxygen increased up to a
certain value of power above which no further change occurred, figures 4.11,
4.15, 419 and 4.21. These trends suggest reaction rates for organic ligand
removal and fragmentation depend, up to a saturation level, upon plasma ion
energy and/or oxygen radical concentration. For films on glass, the effect of
increasing H,0 plasma power saturated at about 20 W, figure 4.15, whereas, for
O, plasma the change of composition with power saturated at about 10 W, figure
4.11, confirming the greater reactivity of species in the latter treatment.

The effect upon film composition of varying plasma treatment duration
was not as great as the effect of varying plasma treatment power, for both O, and
H,O plasmas on both glass and SDT PET substrates. This indicates that an
equilibrium is quickly established between surface modification, fresh surface
exposure through ablation, and formation of a glassy oxidized plasma-resistant

surface layer.
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O, plasma treatment of films on SDT PET substrates yielded results
unique from other combinations of plasma gas and substrate: the proportion of
Zr at the film surface increased by 6 %, whereas this quantity remained
unchanged for other treatments; the power and duration for greatest
modification were the lowest values used (2 W and 0.5 min); at higher values
than this the trend with power reversed and changed towards original film
composition; at powers greater than 15 W the PET substrate appeared to be heat
damaged; and finally, this treatment yielded the lowest carbon value observed
and the greatest reduction in surface carbon content (A%C=-16 %). More carbon
is present at the surface of untreated films on SDT PET, accounting for the larger
reduction in carbon content for this substrate during the more aggressive O,
plasma treatment. Greater interaction of reactive oxygen plasma with organic
substrate material also makes this treatment combination unique amongst those
studied; films spin coated on SDT PET were thinner than those on glass and
high power O, plasma treatment crinkled and embrittled the SDT PET substrate.

AFM investigation of the oxygen plasma treated film on SDT PET show
the surface to be rough on a large scale, Figure 4.29, and relatively smooth on a
smaller scale, Figure 4.30. The large scale topography is similar to siloxane films
deposited by plasma enhanced CVD from HMDSO®, which are reported to
exhibit film stress and cracking.

The composition depth profile of both untreated and oxygen plasma
treated Zr(OBu), on glass indicates that a superficial hydrocarbon layer is present
which is rich in carbon and poor in oxygen compared to the film bulk, figures
4.23 and 4.26. After removal of this contamination layer, the lower carbon and
higher oxygen content of O, plasma treated Zr(OBu), on glass persisted
throughout the film thickness. No discontinuity in the depth profile was
observed at the interface with the glass surface.

In the first 100 seconds of ion etching of untreated of Zr(OBu), on glass,
the high binding energy shoulder of O(1s) core lines diminished, figure 4.24,
indicating that adsorbed water species or surface hydroxyl groups are
preferentially removed. Zr(3d) and C(1s) spectra remained unchanged up to
sputter times of about 250 seconds, after which these peaks broadened, through

the creation of additional ion induced chemical environments.
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The formation of an oxidized zirconium film on the surface of PET film
reduced the substrate’s gas permeability to oxygen and helium but not
significantly to argon, Table 4.12. Barrier properties of polymer film are known
to be improved by forming a continuous dense coating with low gas diffusion
coefficient, or by blocking the sites of easiest diffusion through the polymer
substrate™. The low barrier exhibited by oxygen plasma treated Zr(OBu), films
on SDT PET indicate that the oxide layer may be porous, cracked or have a
coating component with high diffusion constant for the permeant gases, thus

limiting its effectiveness as a gas barrier layer.
4.5 CONCLUSIONS

Treatment of the surface of Zr(OBu), solid films in low pressure non-

isothermal plasmas provides a novel low temperature alternative to conventional
sol-gel calcination of ceramic precursors, allowing temperature sensitive organic
substrates to be coated with an organic-inorganic composite film. The effect of a
number of system parameters have been investigated, suggesting that oxygen
radicals of a non-isothermal O, plasma are responsible for precursor film
oxidation and alkoxy ligand removal. The highest level of film plasma surface
chemical modification was achieved by O, plasma treatment of 2 W and 30
seconds duration; films treated at these conditions indicated a moderate decrease
in permeability to O, and He gases. Future work using: other related precursors,
such as zirconium tertiary butoxide; a combination of plasma treatment with
moderate heating; and optimization of treatment conditions in terms of gas
barrier performance may allow virtually all the film organic component to be
removed, possibly creating competitive gas barrier coatings on polymer

substrates.
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Chapter 5

Chapter Five : Plasma Modification Of Polyphenylsilsesquioxane

Films

5.1 INTRODUCTION

In addition to their widely applied bulk attributes’, organopolysiloxanes
exhibit surface properties which make them useful as friction’ and adhesion’
modifiers, biomaterials’, contact lens coatings™, and in microelectronics as
plasma etch resists™". Exposure of siloxanes to non-isothermal oxygen plasmas
forms an oxygen-impermeable silica layer of 5 nm to 300 nm thickness,
depending on plasma pressure and siloxane structure”".

PVD"? and PECVD™" silica coatings as thin as 60 nm on polymer
substrates exhibit extremely low oxygen permeability and have been developed
as commeréial gas barrier films. A threefold increase in oxygen barrier was
reported for plasma treated PECVD siloxane films on polyethylene” indicating
good potential for the presently studied process in which a solid siloxane film
coating is plasma treated to yield a gas barrier film.

Polyphenylsilsesquioxane (PPSQ), Figure 5.1, is a highly cross-linked
siloxane 'ladder-polymer'. PPSQ was selected as a promising solid precursor to
SiO, gas barrier films for a number of reasons: pendant phenyl carbon atoms are
highly susceptible to oxidative attack by oxygen plasma treatment; the
precursor backbone is already composed of crosslinked SiO, groups which are
desirable for dense oxide gas barrier coating; and the ladder structure confers

17,18

great stability against degradation of the polymer by chain scission™".

-
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Figure 5.1 Ladder structure of polyphenylsilsesquioxane (PPSQ). -

139



Chapter 5

O, plasma modification of PPSQ films coated on polyester has been
studied for various treatment conditions, and the gas barrier properties of the

resultant coated film have been tested.
5.2 EXPERIMENTAL

Polyphenylsilsesquioxane (PPSQ) (Fluorochem, molecular weight 1600,
high ladder content), Figure 5.1, was dissolved in toluene (analytical grade,
Aldrich) by heating to 90°C for four hours. The saturated solution concentration
was 0.9 + 0.5 % weight/volume, as determined by the difference between the
mass of undissolved solute and the total mass of PPSQ added to a known
volume of toluene. PPSQ toluene solution was coated either by spin coating, as
described in Section 4.2.3, or by evaporation in air of four drops of PPSQ
solution. 50 mm x 7 mm strips of two substrate types were used:
polyethyleneterephthalate (PET, ICI), 100 pm thickness, which was ultrasonically
cleaned for 30 seconds in a mixture of propan-1-ol and cyclohexane (a polar and
a non-polar solvent); and ultrasonically cleaned PET which had been treated for
30 seconds in a home built silent discharge reactor, Section 2.2, with an electrode
gap of 3 mm and a voltage of 8.6 kV. PPSQ film thickness was estimated by
weighing uncoated substrates, spin coated films on PET and evaporated films on
PET.

PET substrates coated with PPSQ were treated inside and outside the
glow region of an inductively coupled plasma, Section 2.2, at systematically
varied levels of radio frequency (rf) power, duration and pressure. Silent
discharge treatments of PPSQ films on PET were performed in a home built
reactor, Section 2.2, with an electrode gap of 3 mm and a voltage of 8.6 kV for
different treatment durations.

XPS analysis of untreated and plasma treated bulk PPSQ powder and spin
coated films was performed. The XPS photoelectron take off angle was varied to
gain depth information from plasma treated films. Gas permeability of
untreated and O, plasma treated PET spin coated with PPSQ was measured

using a laboratory built mass spectrometric method”, Section 4.2.5.

5.3 RESULTS
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The difference in mass of 2 cm’ PET substrates before and after coating
with toluene solution of PPSQ by spin coating was below the lower detectable
limit of the electronic balance, and by evaporation coating was 0.33 £ 0.17 mg.
The spin coated film was estimated to be less than 0.2 pm thick, and the
evaporated film was estimated to be 1.35 £ 0.7 pum thick, using a PPSQ density

value of 1.3 g/cm’™.
XPS analysis of PPSQ powder showed the surface to be richer in oxygen

and poorer in carbon than predicted by the polymer's theoretical structure,
Figures 5.2-5.4. The photoelectron signal intensity from powder PPSQ was low
due to strong inelastic electron scattering from the rough powder surface. C(1s)
spectra, Figure 5.5, showed a single QxHy environment with 9.1% n—m* shake-up
intensity. Si(2p) and O(1s) peaks, Figure 5.6 and 5.7, were at 103.2 £ 0.02 eV and
532.6 + 0.02 eV respectively, as expected for silsesquioxane SiO, , groups”.
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Figure 5.2 Surface % carbon for (a) untreated, (b) oxygen plasma treated,
and (c) silent discharge treated PPSQ.
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Figure 5.3 Surface % silicon for (a) untreated, (b) oxygen plasma treated,
and (c) silent discharge treated PPSQ.
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Figure 5.4 Surface % oxygen for (a) untreated, (b) oxygen plasma treated,
and (c) silent discharge treated PPSQ.
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Figure 5.5 C(1s) spectra of untreated PPSQ: (a) powder; (b) spin coated on PET;
(c) spin coated on SDT PET; and (d) evaporated on PET.
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Figure 5.6 Si(2p) spectra of untreated PPSQ: (a) powder; (b) spin coated on PET;
(c) spin coated on SDT PET; and (d) evaporated on PET.
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Figure 5.7 O(1s) spectra of untreated PPSQ: (a) powder; (b) spin coated on PET;
(c) spin coated on SDT PET; and (d) evaporated on PET.

Films spin coated on solvent cleaned PET and silent discharge treated
(SDT) PET, and films evaporated on clean PET, showed peaks only for carbon,
silicon, and oxygen. The surface composition of PPSQ films spin coated and
evaporated on untreated PET did not differ significantly from that of the surface
composition of PPSQ powder, however, spin coated PPSQ films on SDT PET had
lbwer carbon and higher oxygen contents, Figures 5.2 and 5.4. C(1s) spectra of
PPSQ films spin coated on silent discharge treated (SDT) indicated that the
pretreated polymer substrate interacted with the PPSQ coating resulting in a
small proportion of surface oxidized carbon groups and 5 + 1 % C(1s) n—x* shake
up intensity, Figure 5.5(c). In contrast, the C(1s) spectrum of PPSQ spin coated
on untreated PET showed a single C-H/C-5i carbon environment and 10 £ 1 %

C(1s) n—n* shake up intensity Figure 5.5(b). XPS data from PPSQ films coated on
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untreated PET substrates closely matched those of powder PPSQ, and so this
substrate type was used in subsequent studies of PPSQ film plasma treatment.
The PPSQ film XPS peak binding energies for O(1s), 532.6 + 0.1 eV, and Si(2p),
103.2 + 0.1 eV, did not differ for the two coating methods nor for different
substrate preparations.

The surface of PPSQ powder, O, plasma treated for 2 minutes at a power
of 20W, contained 56% less carbon, 16% more silicon and 40% more oxygen than
untreated PPSQ powder, Figures 5.2-5.4. C(1s) spectra of O, plasma treated
PPSQ powder, Figure 5.8(a), showed a broad range of oxidized functionalities
and complete absence of a n—n* shake up peak, and the O, plasma treated PPSQ
Si(2p) and O(ls) peak binding energies were higher than those of untreated
PPSQ powder spectra by 0.8 0.1 eV and 0.4 + 0.1 eV respectively.
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Figure 5.8 C(1s) spectra of O, plasma treated PPSQ: (a) powder; (b) spin coated
on PET; (c) spin coated on SDT PET; and (d) evaporated on PET.

C(1s) spectra of O, plasma treated PPSQ spin coated on PET, figure 5.8(b),
and on SDT PET, figure 8(c), match well with the C(1s) spectra for bare PET and
bare SDT PET, section 3.2, suggesting that the spin coated PPSQ is removed from
these substrates during O, plasma treatment. O, plasma treatment of spin coated
and evaporated PPSQ films modified surface composition, Figures 5.2-5.4, and
O(1s) and Si(2p) core level binding energies, by amounts similar to those for
PPSQ powder, whilst silent discharge treatment had a lesser effect. The greatest
change in surface composition was observed for O, plasma treatment of PPSQ

films evaporated on untreated PET.
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The extent of O, plasma modification of PPSQ films, both spun and
evaporated on PET, peaked at approximately 20 W plasma power, Figures 5.9
and 5.10. C(1s) spectra of O, plasma treated spin coated PPSQ films showed a
large proportion of oxidized carbon, Figure 5.8(b) and 5.8(c), relative to the C(1s)
spectrum of O, plasma treated evaporated PPSQ, Figure 5.8(d). O(1s) spectra of
oxygen plasma treated PPSQ films evaporated on untreated PET indicated the

presence of two resolved environments present in roughly equal proportions,

Figure 5.11.
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Figure 5.9 Composition of PPSQ evaporated on PET as a function of O, plasma

treatment power.
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Figure 5.10 Composition of PPSQ spin coated on PET as a function of O, plasma

treatment power.
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Figure 5.11 O(1s) XPS spectra of PPSQ evaporated on untreated PET and O,
plasma treated at RF powers of (a) 20 W and (b) 30 W.

The composition of PPSQ films spin coated on PET, which were O, plasma
treated for durations between 2 min and 10 min did not differ; surface
modification is insensitive to duration in this range, in contrast to its strong
dependence on plasma power.

PPSQ films evaporated on untreated PET, O, plasma treated at 50 W for 2
min and analyzed by XPS at 15°, 30°, and 45° electron take off angles, indicated
that degree of film oxidation was greater at the film surface, and that more
carbon remained from PPSQ molecules in the film subsurface, Table 5.1. O(1s)
spectral lineshapes of 50 W treated samples varied considerably with electron
take off angle, Figure 12: at 15° a single oxygen environment was observed at a
binding energy of 532.9 + 0.1eV; at 30° two environments were present at binding
energies of 532.2 £ 0.1 eV and 533.8 £ 0.1 eV; and at 45° an asymmetric O(1s) peak
indicated the presence of two environments at 532.3 and 533.6 eV in the ratio 1 to

09. These O(ls) binding energies correspond to SiO,; and SiO,/CQO,
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environments™”, respectively, and indicate that the less highly oxidized oxygen
environment was dominant for the greatest electron take off angle, Figure 5.12(c),

corresponding to deeper PPSQ film material.

Sample Electron % C % Si % O
Take-Off Angle

50W 2min 0.2 mbar 15° 13 29 58
O, Plasma Treated

50W 2min 0.2 mbar 30° 16 37 47
O, Plasma Treated

50W 2min 0.2 mbar 45° 19 31 50
O, Plasma Treated

50W 2min 0.5 mbar 30° 17 33 50
O, Plasma Treated

50W 2min 0.5 mbar 45° 18 30 51
O, Plasma Treated

50 W 2min 0.2 mbar 30° 38 17 45
O, Plasma Treated

Outside Glow Region

Table 5.1 Composition of O, Plasma Treated PPSQ films evaporated on PET
analyzed at XPS electron take off angles of 15°, 30° and 45°.
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Figure 5.12 O(1s) XPS spectra of PPSQ evaporated on untreated PET and O,
plasma treated at 50 W collected at electron take-off angles of (a) 15°, (b) 30°, and
(c) 45°.

Analysis of films treated in 50 W O, plasmas at 0.2 mbar and 0.5 mbar
indicated little variation in film composition with plasma treatment pressure in
this range, Table 5.1. However, 45° electron take off angle O(1s) spectra showed
a larger proportion of SiQ, environment for the higher pressure treatment, Figure

5.13, indicating that the depth of oxidative modification increased with plasma

pressure in this range.
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Figure 5.13 O(1s) XPS spectra collected at an electron take-off angle of 45° from
PPSQ evaporated on untreated PET and O, plasma treated at 50 W in (a) 0.2
mbar O, and (b) 0.5 mbar O,.

PPSQ films evaporated on PET and treated for 2 min in the downstream
region of a 50 W O, plasma underwent less surface modification than for
treafments inside the plasma glow, Table 5.1, demonstrating that a more reactive
medium is present in the glow region.

Mean equilibrium partial pressures (MEPPPs) of oxygen, argon and
helium permeant gases were measured for membranes of untreated PET and
oxygen plasma treated PPSQ spin coated on 'PET, Table 5.2. O, plasma treated
PPSQ coatings reduced oxygen and argon permeability of PET by 38% and 32%
respectively, but did not significantly affect the helium permeability.
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Membrane O, MEPPP /torr | Ar MEPPP /torr | He MEPPP /torr
Untreated PET 0.160 £+ 0.002 0.158 £ 0.06 7.32+0.08

O, Plasma Treated|0.10£0.02 0.108 £ 0.001 7.30+0.6

PPSQ on PET

Table 5.2. Mean equilibrium partial pressures of O,, Ar and He for untreated PET
and PPSQ evaporated on PET and O, plasma treated.

5.4 DISCUSSION

Films of PPSQ solution evaporated or spin coated on untreated PET
showed the same composition, Figures 5.2-5.4, and C(1s), O(1s) and Si(2p) XPS
spectral lineshapes, Figures 5.5-5.7, as PPSQ powder indicating that these film
surfaces have the chemical structure of unmodified PPSQ. Films of PPSQ
underwent some oxidative modification upon spin coating on silent discharge
treated PET, Figures 5.2-5.4: reactive radicals introduced by silent discharge
modification persist at the PET surface for a number of minutes after treatment”,
and react with phenyl groups in the spin coated PPSQ producing oxidized
carbon products and reducing the amount of C(1s) n—-r* shake-up intensity,
Figure 5.5(c).

Si(2p) chemical shifts for O, plasma treatment of PPSQ were 0.8 £ 0.1 eV,
corresponding to oxidation of silicon atoms from SiO, , to SiO,”. Oxygen plasma
treatment of polyorganosiloxanes is reported in XPS®, FTIR™ and SIMS’ studies,
to cause progressive chemical modification of silicon atoms from organic R-5i-O
environments to inorganic SiO, environments. The maximum level of oxygen
plasma removal of siloxane hydrocarbon is reported to range from complete™”
to about 2/37°, compared with a maximum of 85% in this study, Figure 5.2. It
has been proposed that oxygen ions are accelerated to the polymer surface and
cleave Si-O and Si-C bonds, leaving radicals which trap and react with oxygen
species from the plasma’. Plasma reactors usually used in such studies are of the
RF diode etching type, in which high fluxes of ions, with energies in the range 50
to 200 eV, bombard samples placed on electrodes due to applied bias or self-bias’.

In contrast, the inductively coupled plasma "asher” type reactor used in the
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present study supplies to the sample surface a low ion flux” and a high flux of
atomic oxygen atoms” and ultraviolet light™.

The level of chemical modification in inductively coupled oxygen plasma
treatment of phenyl ring containing organic polymer surfaces has been shown to
depend upon the degree of m-m* shake-up in C(1s) XPS of the untreated
polymer”; oxidation is hypothesized to proceed through atomic oxygen attack at
phenyl ring sites excited by vacuum ultraviolet photons, section 3.4. PPSQ has
all of its organic content in aromatic phenyl rings; n-n* shake-up electrons
constitute 9% to 10% of the total C(1s) intensity, Figure 5.5, and shake-up peaks
are also observed in Si(2p) spectra, Figure 5.6, and O(ls) spectra, Figure 5.7,
indicating widely delocalized n-bonding in the polymer. Strong oxidative attack
of phenyl rings in PPSQ is expected to break Si-C bonds, oxidizing silicon to SiO,
and phenyl rings to smaller volatile fragments: the cessation of CO, optical
emission has been used as an end point detector in O, plasma treatment of PPSQ
gels”.

Treatments performed 10 cm downstream from an inductive resonance
coil, where atomic oxygen concentration is approximately 60% of that in the
glow region27 and vacuum ultraviolet radiation is also presentzs, effected 66% of
the hydrocarbon removal achieved in the glow region, Table 5.1, confirming that
these two reactive components account for the majority of chemical modification.
Variation of O, plasma power did not affect the level of chemical modification
above a threshold value of about 20 W, Figures 5.9 and 5.10; a superficial SiO,
layer formed by plasma oxidation at this power may prevent further reaction of
subsurface PPSQ phenyl groups with increased concentrations of reactive
species’.

2 minutes O, plasma treatment of PPSQ films spin coated on PET and SDT
PET yielded C(1s) spectra, Figure 5.8(b) and 5.8(c), which match those of the bare
and SDT treated substrate surfaces, Chapter 3, Figure 3.1(a); the PPSQ film
coverage appeared to be incomplete after plasma treatment. O, plasma etch rate
of siloxanes at < 1 mTorr is approximately 50 nm / min" which may cause partial
removal of the film. Alternatively, the large difference in density between
untreated siloxane (1.3 g/cm’) and silica (221 g/cm’)” may cause extensive

cracking of the thin film exposing low barrier substrate material between cracks”.
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In either case, such treated films would be unsuitable as gas barrier coatings.
Evaporated films, 1.35 + 0.7 pm thick, allowed O, plasma modification to proceed
without apparent substrate exposure, Figure 5.8(d).

The thickness of the oxide layer created by O, plasma treatment of
siloxanes is reported to depend on plasma pressure and siloxane structure; oxide
growth is limited by atomic oxygen diffusion through the silica layer created and
by diffusion into the siloxane polymer”. Oxygen plasma treatment of silicon
containing polymer resists forms an oxide layer with a dynamic steady state
thickness of 1 to 5 nm, as surface sputter rate is balanced by further oxidation®.
Treatment of a polysiloxane of type MeSiO, , in plasma pressures below 0.1 Torr
is reported to produce a silica layer 7 nm thick, whilst increased content of cross-
linked RSiO,, groups or bulky phenyl side groups, both fully present in PPSQ,
decreased the oxide thickness".

XPS spectra of 50 W O, plasma treated evaporated PPSQ films taken at
electron take off angles of 15° and 30° yielded O/Si elemental ratios of 2.0 and 1.6
respectively, evidencing more extensive silicon oxidation at the outermost
surface of the treated polymer, Table 5.1. The 15° electron take off angle O(1s)
spectra showed a single peak at 532.9 eV, whilst the 30° O(1s) spectrum showed
two peaks at energies for Si0, , and SiO,, confirming the presence of less highly
oxidized silicon atoms deeper into the treated PPSQ film, Figure 5.12. These data
indicate that full oxidation to SiO, occurred to a thickness less than the XPS
sampling depth of ~ 5 nm, or three elastic mean free paths’. An oxide layer
thickness calculation from angular dependent XPS data, as described for thermal
oxidation of elemental silicon®, is prohibited in this case by the small Si(2p)
chemical shift for SiO, , changing to SiO,. Plasma treatments at 0.5 mbar yielded
films with the same elemental composition as for films treated at 0.2 mbar for
both 30° and 45° electron take off angle, however, the 45° take off angle O(1s)
spectra for 0.2 mbar treatments showed a greater content of 5iO,; component
than for 0.5 mbar treatments; the interface between the oxide layer and
unmodified PPSQ was deeper in films treated at a higher pressure, inkeeping
with previously proposed diffusion controlled oxidation".

PPSQ is reported to be more permeable and less perm-selective to O,, N,,

CO, and CH, than expected from its high Tg and ladder structure”. The 38%
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decrease in O, permeability of PET upon PPSQ coating and O, plasma treatment
is about half the decrease reported for high density polyethylene (HDPE)
substrate coated by PECVD using tetramethyldisiloxane and subsequently O,
plasma treated”, possibly due to the higher initial O, permeability of the HDPE,
and possibly due to a denser, more highly cross-linked siloxane film deposited
by PECVD. Silica coatings about 60 nm thick, deposited by electron beam
evaporation of quartz, reactive sputtering of silicon and PECVD from
organosiloxane monomers, have been employed commercially as oxygen barrier
coatings on polymer substrates™”. The decrease in the O, permeability of PET
for such coatings is typically greater than two orders of magnitude and
approaches that for single side aluminized PET”. The thinness or the
discontinuity of the SiO, layer created at siloxane surfaces by O, plasma
treatment forms a less effective gas barrier than SiO, coatings deposited by
evaporation or CVD: firstly, oxide thickness may be limited to a few nanometers
of the PPSQ coating presenting only a thin barrier layer; and secondly, cracks
may appear in the silica layer to compensate for the near doubling of density
upon modification from PPSQ to SiO, **. The absence of a change in helium
permeability for the treated coating indicates that physical diffusion paths
smaller than required by oxygen molecules may remain in the treated film
surface.

Plasma modified silicon polymers tend to recover their original surface
properties™™, full recovery taking from days to months depending upon
polymer molecular weight, degree of cross-linking and storage conditions™.
Minimization of free energy at the treated surface-air interface drives:
elimination of polar groups by condensation of silanol groups™; reorientation of
surface polar groups towards the subsurface™; and long range migrations of
unmodified macromolecules to the surface™”. O, plasma treated PPSQ is
subject to these dynamics; its high degree of cross linking hinders recovery”,

whilst any cracks present in the treated layer provide easy migration paths for

untreated PPSQ to reach the surface™”.
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5.5 CONCLUSIONS

O, plasma treatment of PPSQ films coated on PET resulted in removal of
up to 85% of silsesquioxane hydrocarbon content and oxidation of surface silicon
atoms. The resultant silica-like film was thinner than the ~ 5 nm XPS sampling
depth, and reduced O, and Ar permeability of the coated substrate by 37.5% and
31.6% respectively. Saturation of the level of chemical modification at a plasma
power of approximately 20 W suggested that further reaction is prevented by an
impermeable SiO, surface layer. Treatments downstream of the glow discharge
indicated that a combination of atomic oxygen and ultraviolet light
bombardment accounted for most of the chemical modification. Higher pressure
treatment resulted in the same level of modification, but indicated a deeper
interface between unmodified aﬁd oxidized PPSQ. Future optimization of
plasma treatment conditions with topographical characterization to produce a

crack-free SiO, layer” may vyield coatings with significantly lower gas

permeability.
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Chapter Six : Conclusions

Investigations have been presented into the dependence of chemical and
physical modifications of organic and inorganic polymer surfaces upon polymer
chemical structure and upon the nature of the gas plasma used for modification.
These studies have increased mechanistic understanding of plasma modification
of polymer surfaces, allowing more accurate choices of system parameters to be
made for desired surface properties. The presented research has also quantified
differences which exist between low pressure and atmospheric non-isothermal
plasmas and explored their potential for use in producing gas barrier polymer
coatings from thin films of precursors. |

Polymers containing chromophoric phenyl groups were more readily
oxidized by low pressure plasma than by atmospheric discharge, due to the
abundance of vacuum ultraviolet light and atomic oxygen radicals in the former.
The- level of oxygenation of phenyl containing organic polymers in a low
pressure O, plasma followed the intensity of electronic excitation of phenyl
groups in the unmodified polymers, confirming a VUV initiated atomic oxygen
nucleophilic attack mechanism for chemical modification. In contrast, polymers
such as polyisoprené which are highly susceptible to ozonolysis were most
highly oxygenated by silent discharge treatment, which follows an activated
ozonolysis reaction mechanism. Solvent rinsing of low pressure plasma
modified polymers indicated that highly oxidized polymers such as PPO had a
greater proportion of scissioned ring and chain molecules at the surface than less
highly modified polymers such as PET.

Modification of polymer surface topography, such as roughening, was
greatest in the case of silent discharge treatment, and for saturated polymers
such as PIB, which easily undergoes chain scission. The level of chemical
modification of phenyl containing polymers by low pressure O, plasma appeared
to control the size of globular features on their surfaces, via agglomeration of
high surface energy modified material on low surface energy substrates.
Zirconium butoxide films appeared very rough on a large scale following plasma

treatment; physical modification accompanied chemical changes and may have
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reduced the gas barrier capabilities of the coating. AFM data from plasma
physical modification of polymers showed an advantage of this imaging
technique over SEM, in which necessary metallization of insulators may obscure
such features.

Zirconium butoxide (Zr(OBu),) and polyphenylsilsesquioxane (PPSQ),
which are oligomeric and macromolecular respectively, both showed potential as
precursors to gas barrier oxide coatings though plasma oxidation. This process is
additionally an alternative to sol-gel production of inorganic-organic composite
coatings on temperature sensitive substrates. O, plasma treatment of films of
both precursors, and H,O plasma treatment in the case of Zr(OBu),, converted
metal centres from their initial state to metal dioxide environments and reduced
film hydrocarbon content. Oxygen or hydroxy radicals at the plasma-precursor
film interface, and possibly ions and VUV photons, play an important role in this
conversion from organic to inorganic material: maximum PPSQ oxygenation
occurred at the position in the discharge where the flux of both plasma VUV
radiation and plasma atomic oxygen was high, indicating a synergistic
modification mechanism.

PPSQ films were more reactive than Zr(OBu), films towards O, plasma
treatment, and Zr(OBu), films underwent greater chemical modification for O,
than H,0O plasma treatment, suggesting a higher reactivity of this precursor with
atomic oxygen than with hydroxy radicals. Oxidation extended throughout
Zr(OBu), films but was constrained to the surface-most layers in PPSQ, due to
formation of an oxygen impermeable SiO, overlayer. Plasma pressure
dependence of PPSQ modification depth confirmed a diffusion limited oxidation
mechanism.

Decreases of 38 % and 32 % in O, and Ar permeability for O, plasma
treated PPSQ and of 10 % and 19 % in O, and He gas permeability for O, plasma
treated Zr(OBu), coatings on PET confirmed the possibility of creating perm-
selective or reduced permeability coatings by a novel process of non-isothermal
plasma treatment of a solid precursor film. Limitations on gas barrier may have
been due to cracks formed in plasma treated coatings and the thinness of SiO,
films on plasma treated PPSQ films. Further work in this area may profit from
the use of: alternative zirconium alkoxide precursors such as zirconium tertiary

butoxide' which hydrolyze more easily than Zr(OBu"),; siloxane precursors such
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as polydimethylsiloxane which form thicker oxide layers than PPSQ’; treatment
in plasmas which operate at higher pressure, such as diode discharge reactors;
and moderate heating during plasma treatment, as in PECVD, which may reduce

the final organic content of the film.
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Appendix One: Surface Analysis Techniques

1 INTRODUCTION

Analysis techniques which provide information about surface chemistry
and morphology are well suited to the study of non-isothermal plasma-material
interactions, since these interactions selectively modify the outermost few atomic
layers of materials™. Furthermore, since the gas barrier and adhesive properties
of a material depend directly on the physico-chemical state of its surface™,
detailed knowledge of surface properties allows mechanistic understanding of
how these properties may be controlled.

Analyses of surfaces and sub-surfaces by photoelectron and infrared
photon spectroscopies have been combined in this thesis with scanning probe
atomic force microscopy, to provide complementary chemical and topographical

data on the nature of surface modification by cold plasmas.
2 X-RAY PHOTOELECTRON SPECTROSCOPY

2.1 Introduction

When atoms or molecules are illuminated with photons of sufficient
energy, electrons are emitted according to the photoelectric effect first observed by
Hertz in 1887. A photon’s energy, hv, is used to overcome the ionization
potential (in a solid, the binding energy Ep plus the work function ®) and excess
energy is conserved as kinetic energy Ek of the photoelectron™

Exk =hv - Ep - @

Photons with an energy of hv can liberate electrons from levels up to a
binding energy of hv-®; X-radiation is used to probe core electrons (X-ray
photoelectron spectroscopy, or XPS) whilst far-ultraviolet light can only release
low-lying valence electrons (ultraviolet photoelectron spectroscopy, or UPS).

X-rays incident on the sample surface excite electrons at a series of

energies representative of the binding energies of electron levels in the sample. A
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-7 .
vacuum of 10" torr or better ensures that most emitted electrons reach the energy

analyzer without suffering energy loss, thus a spectrum is recorded which is
characteristic of the sample’. Electrons that do undergo such inelastic losses
contribute to the spectrum a step on the low kinetic energy side of the ‘elastic’
peak; these dominate the spectrum at low kinetic energy whilst electrons
released by Bremsstrahlung radiation dominate the spectrum at high kinetic
energy’.

Following the removal of a core electron, radiationless decay is highly
probable for atoms of atomic number less than 30, whilst X-ray fluorescence may
be observed for heavier atoms’. In the former, an electron is demoted in energy
to take the place of an emitted core electron and the excess energy is converted
into kinetic energy of a second emitted electron, known as an Auger electron.
The kinetic energies of Auger electrons are dependent only on the atoms energy
levels which allows unique elemental identification from a series of Auger
electron spectral peaks”. The binding energy of photoelectrons varies with their
atom’s chemical environment, leading to a shift in the energy spectrum of
photoelectrons, which can be used to identify chemical species present in the

analyzed surface”.
2.2 Instrumentation

A water cooled anode, typically magnesium or aluminium, is bombarded
by 12 keV electrons in ultra high vacuum, emitting X-ray lines characteristic of
transitions in the anode material in addition to a background of broad,
continuous Bremsstrahlung radiation due to electrons de-accelerated at the anode.
Mg Kg radiation, used for XPS analyses in this thesis, is emitted from
magnesium atoms when electron vacancies created in the K shell (orbital
quantum number of 1) are filled by electrons in the L shell (orbital quantum
number of 2). Emitted photons have an energy of 1253.6 eV, allowing core
electrons to be released, and a linewidth of 0.7 eV, allowing spectral resolution of
less than an electronvolt’.

Energy dispersion of photoelectrons from the sample is achieved by an

electrostatic field between concentric hemispherical surfaces. An electromagnetic
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lens transfers electrons to the analyzer and reduces electron energy by a constant

1 . . -
factor of /,, to improve the analyzer's absolute energy resolution. This 'fixed

, . . : E
retarding ratio' mode allows constant relative resolution (constant 4 ) across

the spectrum of kinetic energy’.

Having traversed the analyzer, electrons are detected by a multi-electrode
electron multiplier whose signal, after pre-amplification, is recorded as the

number of counts per second at a certain kinetic energy.

2.3 Spectral Interpretation

X-ray photoelectron spectra are direct representations of the core-electron
structure of atoms in the sample surface’. Quantitative information regarding
the elemental composition of the sample surface is obtained by calculating the
area of each photoelectron peak after background removal. Sensitivity factors,
which correct for differing photoionization cross-section of different elements,
and for the transmission function of the lens-analyzer system, are obtained for a
spectrometer by recording spectra of samples of known composition and
stoichiometry™.

Photoelectron binding energy can be used to distinguish between atoms
differihg in oxidation state, molecular environment, lattice site and type of
bonds™". Gaussian peaks are statistically fitted to the recorded spectral envelope

to allow calculation of the proportion of atoms in various environments”.

2.4 Valence Band Spectral Features

The loss of a core photoelectron causes a substantial reduction in
electronic screening of valence electrons from nuclear charge. As a result,
valence electrons may be promoted to a vacant orbit of higher energy, and the
original photoelectron is emitted with a correspondingly lower kinetic energy™.
This is referred to as a ‘shake-up’ transition and is commonly observed in the

spectra of unsaturated molecules, in which n-n* transitions occur in the valence

band”.
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2.5 Sampling Depth

Photoelectrons are liberated down to the depth of penetration of the X-
rays (into the bulk), but the inelastic mean free path of free electrons in the solid
is so small that only electrons released in the upper 20 to 50 A escape into the
surrounding vacuum. The cross section for inelastic scattering of electrons, o, is

9-11,16

a function of electron kinetic energy: ¢ = f(Ek)" " therefore escape depth and
surface sensitivity vary with kinetic energy of the observed electron peak as
shown in figure A1.1°. Mean free paths are generally in the range 5 to 20 A for
the energy range 100 to 1000 eV used in XPS’, therefore one can assume analysis
of less than 60 atomic layers.

Inelastic loss processes for electrons include the excitation of lattice
vibrations (phonons with energy of about 10-2 eV), of collective oscillations of
the electron gas (plasmons with energy from 5 to 25 eV) and of electron
interband transitions or ionization. At very low kinetic energy (<<1 eV) electrons
are unable to excite any of the above quantized transitions and their mean free
paths are long whilst at high kinetic energies the cross-sections for such
processes are again low and escape depths large. In the intermediate (100 to 1000
eV) energy range used in XPS, electron escape depth is approximately linear with
kinetic energy. Consequently, there is a tendency for photoelectrons with low

kinetic energy to be released from the shallow, near surface region®.
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Figure Al.1 Variation of electron mean free path with kinetic energy’.

2.6 XPS Depth Profiling

Composition and chemical states of subsurface material are important in
understanding the behaviour of ultrathin films, functionally graded films, and
multilayer coatings, and in probing the depth of chemical modification by
plasmas’. A number of techniques use XPS non-destructively to provide
chemical information from material beneath the sample surface: photoelectron
sampling depth may be varied continﬁously by changing the angle, from the
surface plane, at which electrons are detected”; sampling depth may be varied
discretely by using more than one X-ray anode source material, such as
magnesium and aluminium; photoemission core levels at different energies give
depth resolved information”” due to the dependence of electron escape depth
with kinetic energy, Figure A1.1°. These techniques are limited to a profiling

depth of about 5 nm from the surface®.
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Alternatively, analysis by XPS may be used between periods of energetic
inert-ion sputtering to yield chemical information as the surface recedes””.
Quantitative analysis in this destructive mode of depth profiling is limited by:
differential sputter rates of different elements™; ion induced reduction of valence
band electrons”; modification of surface composition by ion induced cascade
mixing®; changes in surface microtopography”; and XPS analysis of a surface

area greater than that evenly eroded by the ion beam™.
2.7 Advantages and Disadvantages of XPS

XPS is very widely used in surface research, so it is has good technical
support and well developed data bases exist for comparison of data. During the
relatively rapid collection of XPS data (about 5 minutes for each energy region of
interest) the sample suffers very little damage and sample charging can be kept
to a minimum by earthing through the sample holder. XPS peaks can be located
to an accuracy of about 0.1 eV; the line width of the X-ray source is the limiting
factor. ‘The sensitivity of the technique varies by only about one order of
magnitude amongst all elements, allowing good quantitative compositional
analysis of all elements except hydrogen.

Disadvantages of XPS include the requirement of an ultra high vacuum; in
some cases, the limited resolution of different chemical species due to small shifts
in binding energy; and the variation of surface depth information with

photoelectron kinetic energy.
3 SURFACE INFRARED SPECTROSCOPY
3.1 Introduction

Absorption spectroscopy using radiation in the mid infrared region (4000

eml to 666 cml) is commonly used to identify compounds and functional
groups present in a sample”. Frequencies of absorption depend on the relative
masses of atoms in the molecule, the bond strength (force constant for oscillation)
and atomic geometry of chemical groups, allowing unique deduction of atomic

groups within a molecular structure”. Comparison of a sample spectrum with
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standard spectra in extensive libraries takes advantage of the complex nature of
even simple molecules’ spectra rather like fingerprinting; a spectral match at all
infrared frequencies can yield positive identification™.

Far infra-red (below 100 cm-1) radiation absorbed by a molecule is stored
as quantized rotational energy; this results in discrete lines in the absorption
spectrum. Absorption of higher energy infrared radiation leads to a change in
vibrational energy of the molecule, accompanied by a series of rotational energy

transitions. These broaden the range of energies of all possible transitions,

resulting in energy bands of various widths (about 10 cm-1 wide)®.
If an absorption causes a vibration which does not change the dipole
moment of the molecule then no band will appear in the infrared spectral region,

illustrated by the infrared inactive symmetrical stretches of CO. Conversely,

functional groups with a strong dipole moment, such as carbonyls, have strong
infrared absorption bands®.

Vibrational modes of the molecule may be stretching or bending”, Figure
A1.2. The former involves regular vibrations along bond axes in which the
interatomic distance oscillates but bond aﬁgles are constant; the latter is an

oscillation in the angle between bonds with a common atom. Alternatively, the

bend may be at a bond between a pendant group and the rest of the molecule.

MOLECULAR ABSORPTION

[ ROTATION ] [ VIBRATION J
_—
Bending Stretching
( OUT OF PLANE J IN PLANE SYMMETRIC r ANTI-SYMM. :
twisting ~ wagging rocking | torsion scissoring

Figure A1.2 Modes of molecular excitation following infrared absorption.

172



Appendix One

3.2 Instrumentation

Absorption experiments require a source of radiation, tunable or with a
dispersing element, a sample holder and an intensity detector to register the
radiant power transmitted by the sample at a certain frequency™. Mid and near
infrared spectroscopy does not need vacuum conditions and high intensity
sources are readily available. Dispersion can be performed by a diffraction
grating or a Michelson-type interferometer, where the beam is split by a calcium

fluoride or quartz crystal coated with silicon or germanium®.
3.3 Attenuated Total Internal Reflection

Transmission spectroscopy is a bulk analysis technique: multiple

reflection of infrared may be used instead to obtain absorptions of surface

species™. The sample, of refractive index n,, is placed in good contact with an

infrared transparent crystal, of high refractive index n,, such as KRS-5 (thallium
bromide - thallium iodide)®. Infrared radiation is directed into the crystal so that

the angle of incidence at the crystal-sample interface, 8, is greater than the

critical angle for internal reflection, 0 :
C

-1
0 >0 =sin ( 2/p)
i c 1

Whilst being internally reflected, the radiation penetrates into the sample
surface a short distance, d, determined by the refractive indices of the crystal and
sample, the angle of incidence and the frequency of the radiation.
Electromagnetic energy in the form of a evanescent wave passes into the sample,
to satisfy the condition of continuity of the normal electric field component at the
media boundary, and probes the sample surface infrared spectrum”. The
evanescent wave in the sample is not polarized so it can interact with dipoles in
all directions. The refractive index of the sample is wavelength dependent and
varies rapidly around the region that an absorption band occurs; this enhances

the attenuation of reflected intensity and gives rise to the absorption spectrum.

173



Appendix One

Multiple reflections of the incident radiation along the crystal-sample interface
increases attenuation at absorbed frequencies.

Penetration depth is typically about 106 m, providing surface chemical
information which is complementary to that of XPS™. The sampled depth is

greater at lower wavenumbers as radiation is more strongly absorbed at higher

frequencies™.
Al1.4 ATOMIC FORCE MICROSCOPY
A1.4.1 Introduction

An experimental apparatus was developed circa 1970 for the direct
measurement of forces between curved surfaces as a function of Angstrom level
separations”. The technique relies upon extremely close positioning of surfaces,
using a piezoelectric crystal, and the optical detection of deflection of springs on
which the samples are mounted™”.

The atomic force microscope (AFM) is a related instrument, invented in
1986, in which a microscopically sharp tip attached to a cantilever is scanned
lateraliy at Angstrom level distances from a surface; an image of the surface is
produced using deflection of the cantilever as height contrast. Tip deflection has
been measured by a variety of methods including a reflected laser beam, laser
interferometry, variation of capacitance, and tunneling current from the
cantilever”.

The technique rapidly provides topographical images of non-conducting
samples in air, without sample preparation, down to the scale of atomic
resolution®. Practical limitations of the AFM are sample lateral motion noise™*

and interpretation of image features®.
A1.4.2 Modes of Operation

The AFM may be operated in a number of modes, using different types of
cantilever, measuring forces of different magnitudes, and at different surface-tip

distances®. In the 'contact mode’ of operation, where tip-surface separation is
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-10 . . : I :
about 10 m, deflection of the tip measures relatively large ionic repulsive forces

-9 . L. . :
of about 10 N*. Cantilever deflection is proportional to the tip-surface force in
the Hookean regime, and is used as the image contrast. Soft cantilevers are used
s . : 3 - - :
in this mode®, with spring constants of 10" Nm to 1 Nm ' Although atomic

resolution is possible”, there is significant chance of deforming soft sample
surfaces and creating topographical artifacts such as 'smearing™”, or of
damaging the tip resulting in multiple tip imaging™.

The 'non-contact mode’ uses small amplitude (about 1 nm) oscillation of a
relatively stiff tip”, near to its resonant frequency of around 100 kHz, at tip-
surface separations of about 10 nm”. Repulsive and attractive surface-tip forces
have the effect of increasing and decreasing the oscillation frequency
respectively”, providing image contrast. Forces exerted on the surface by the tip
are much smaller than in contact mode, but lateral resolution is p_oorer43 and
oscillations are often halted by the capillary force of an adsorbed surface water
layer®.

'Tapping Mode’ AFM uses larger amplitude tip oscillations to ensure that
the tip remains oscillating”. Lateral resolution may be as high as in contact
mode, since the tip momentarily contacts the surface force many times at each of
its scanned positions”. This mode is advantageous for imaging of easily
deformed surfaces such as polymers”, whilst damage to a tip may be checked by

the inspection of its resonance response curve®.
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APPENDIX TWO: Courses, Conferences, Colloquia, Lectures and

Seminars Attented

COURSES ATTENDED

1. Chemistry Department induction courses;
2. Laboratory techniques, 6 lectures;

3. Electronic structure and bonding, 6 lectures.

RESEARCH CONFERENCE ATTENDED

12™ International Symposium of Plasma Chemistry, Loughborough University,
August, 1993.

COLLOQUIA, LECTURES AND SEMINARS ATTENDED

1992

Oct. 28 Dr. J. K. Cockcroft, University of Durham
Recent Developments in Powder Diffraction

Nov. 5 Dr. C.J. Ludman, University of Durham

Explosions, A Demonstration Lecture

Nov. 18 Dr. R. Nix, Queen Mary College, London
Characterisation of Heterogeneous Catalysts

Nov. 26 Dr. D. Humber, Glaxo, Greenford
AIDS - The Development of a Novel Series of Inhibitors of HIV

1993

Feb. 18 Dr. I. Fraser, ICI Wilton
Reactive Processing of Composite Materials

March1l  Dr. R. A Y. Jones, University of East Anglia
The Chemistry of Wine Making

May 13 Prof. J. A. Pople, Carnegie-Mellon University, Pittsburgh, USA
Applications of Molecular Orbital Theory
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Sept. 13
Oct. 20
Oct. 27
Nov. 10

1994

Jan. 26
Feb. 2

March 9

Oct. 5

Dec. 7
1995

Jan. 18
Feb. 1
March 1

May 3
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Dr. K.J. Wynne, Office of Naval Research, Washingtbn, USA
Polymer Surface Design for Minimal Adhesion

Dr. P. Quayle, University of Manchester
Aspects of Aqueous ROMP Chemistry

Dr. R.A.L. Jones, Cavendish Laboratory, Cambridge
Perambulating Polymers

Prof. M.N.R. Ashfold, University of Bristol
High Resolution Photofragment Translational Spectroscopy : A
New Way to Watch Photodissociation

Prof. J. Evans, University of Southampton
Shining Light on Catalysts

Dr. A. Masters, University of Manchester
Modeling Water Without Using Pair Potentials

Prof. F. Wilkinson, Loughborough University of Technology
Nanosecond and Picosecond Laser Flash Photolysis

Prof. N. L. Young, Brigham Young Univerity, Utah, USA

Determining Molecular Structure - the INADEQUATE NMR way

Prof. D. Briggs, ICI and University of Durham
Surface Mass Spectrometry

Dr. G. Rumbles, Imperial College, London
Real or Imaginary Third Order Non-Linear Optical Materials

Dr. T. Cosgrove, Bristol University
Polymers do it at Interfaces

Dr. M. Rosseinsky, Oxford University
Fullerene Intercalation Chemistry

Prof. E. Randall, Queen Mary and Westfield College
New Perspectives In NMR Imaging
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