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Summary 

Non-equilibrium glow discharge polymerisation is an attractive rout for the dry 

deposition of organosilicon layers. Such coatings have potential uses as biocompatible 

interfaces and photolithographic masks. In this thesis, the plasma polymerisation of the 

structurally related tetramethylsilane (TMS) and hexamethyldisilane (HMDS) monomers 

is described under identical experimental conditions. This approach offers the scope for 

mechanistic conclusions to be drawn. 

Emission Spectroscopy, X-ray Photoelectron Spectroscopy (XPS), Solid State 

Nuclear Magnetic Resonance (Solid State NMR), Attenuated Total Reflection Fourier 

Transform Infrared Spectroscopy (ATR-FTIR), and Atomic Force Microscopy (AFM) 

have been used to study the plasma polymerisation of both carbosilicon monomers. The 

resultant plasma polymers consist of a network of -Si(CHx)y- groups. 

Hexamethyldisilane is found to be more reactive monomer and this has been attributed to 

the presence of the Si-Si bond in the HMDS molecule. Emission spectroscopy showed 

that hydrogen was the predominant by-product. In the case of the tetramethylsilane 

precursor, a higher concentration of conjugated species was detected in the plasma phase 

and also within the deposited layer. 

Longer periods of plasma polymerisation result in the formation of a fine powder. 

These bulk materials were analysed by XPS, FTIR, and Solid State NMR. Prolonged 

exposure to air results in the incorporation of alcohol, ether, Si-O-C, Si-O-Si, and Si-OH 

functionalities into the plasma polymer network. 

Finally, both types of organosilicon plasma polymer were evaluated as reactive 

oxygen etch barriers, and compared with conventional polysilane photoresists 

(polycyclohexylmethylsilane and polyphenylmethylsilane). Emission spectroscopy and 

XPS showed that the organosilicon plasma polymers behave as efficient reactive oxygen 

ion etch barriers, and offer the advantage of being capable of being deposited in a dry 

process step. 
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Chapter One 

1.1. General considerations about discharge plasmas 

During the 1920's Irving Langmuir was studying various types of mercury-

vapour discharges, and he noticed similarities in their structure - near the boundaries as 

well as in the main body of the discharge. While the region immediately adjacent to a 

wall or electrode was already called a "sheath", there was no name for the quasi-neutral 

matter filling most of the discharge space. He decided to call it "plasma". 

Colleagues working with him at the General Electric Research Laboratory1 

acknowledged that he related the term to blood plasma. One version of the story has 

been that the similarity was in carrying particles, while another account speculated that it 

originated from the Greek term, meaning "to mould", since the glowing discharge usually 

moulded itself to the shape of the container. 

Plasmas are conductive and, as a result, can respond to local changes in potential. 

The distance over which a small potential can perturb a plasma is known as the self 

shielding or Debye length. The Debye length is found to be2 

where e0 is the permittivity of free space, kT isa term describing the electron energy, and 

n and e are the electron density and charge, respectively. 

The field of plasma chemistry deals with the occurrence of chemical reactions in a 

partially ionised gas composed of ions, electrons, photons and neutral species. This state 

of matter can be produced through the action of either very high temperatures or strong 

electric or magnetic fields. In a discharge, free electrons gain energy from an imposed 

electric field and lose this energy through collisions with neutral gas molecules. The 

transfer of energy to the molecules leads to the formation of a variety of new species 

including metastables, atoms, free radicals, and ions. These products are all chemically 

active and thus can serve as precursors to the formation of new stable compounds. 

D 4nne 

(1.1) 
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Chapter One 

There are many types of electric discharge and the properties of the plasma 
produced can differ widely. The plasma produced by arcs or plasma jets lead to an 
equilibrium situation in which the electron and gas temperature are nearly identical3. The 
very high gas temperatures (> 5000 K) measured in these plasmas make them very 
suitable for processing inorganic materials and organic compounds with very simple 
structures. More complex materials and polymers cannot be treated under these 
conditions since they would degrade rapidly. 

Glow discharge plasmas are characterised by average electron energies of 1-10 

eV and electron densities of 10M0 1 2 cnr3. An additional characteristic of such plasmas is 

the lack of equilibrium between the electron temperature Te and the gas temperature T 
T 

Typical ratios for -f- lie in the range of 10-100 4 . The absence of thermal equilibrium 

makes it possible to obtain a plasma in which the gas temperature may be near ambient 

values at the same time that electrons are sufficiently energetic to cause rupture of 

molecular bonds. It is this characteristic which makes glow-discharge plasmas well suited 

for the promotion of chemical reactions involving thermally sensitive materials. 

1.2. Glow Discharge Plasmas 

The diagram of a typical non equilibrium plasma appears is Figure 1.15. The wall 

(assumed to be a glass wall) provides electrical insulation and is sealed to isolate the 

plasma from the ambient. Power is supplied to the plasma from an external circuit, which 

consists of a voltage source in series with a "ballast" impedance. The ballast impedance is 

needed to limit the flow of current through the plasma, which generally has a "negative" 

impedance. This means that the voltage between the anode and cathode decreases when 

the current flowing through the plasma increases. The plasma itself is far from 

homogeneous Figure 1.1 identifies five distinct plasma regions, labelled a through e. 

These five regions are readily visible to the eye in many d.c. plasma systems. 

3 



Chapter One 

The cathode dark space, region a, and the negative glow, region b, are the least 
well understood parts of the plasma. These regions are a consequence of the cathode's 
reluctance to provide electrons to the plasma. The cathode dark space is a region 
adjacent to the cathode through which current flows by virtue of a very large electric 
field. Part of the current is carried by electrons which are swept away from the cathode 
by the field. The remainder of the current is carried by positive ions which bombard the 
cathode surface to produce more electrons. The region is visibly dark, because there are 
few energetic electrons adjacent to the cathode surface capable of exciting atoms. The 
voltage drop through the region of high electric field is termed the cathode fall. The 
electrons which have left the cathode and been energised by the cathode fall accumulate 
and deposit their energy in the negative glow. This is a region of high electron density 
and intense excitation and ionisation. Since the negative glow contains ample electrons, 
very little electric field is needed to maintain the current through it. The value of the 
cathode fall voltage can vary from 10 V to 1 kV, depending on the current density at the 
cathode surface, the temperature of the cathode surface, and the gases and materials 
involved. 

Following the Faraday dark space c, the positive column, region d, is a region 

some distance from the cathode characterised by axial uniformity and quasi-charge 

neutrality. The positive column may be made arbitrarily long, or eliminated entirely, by 

adjusting the distance from the anode to the cathode. Electrons, far more mobile than the 

equally numerous ions, are the dominant carriers of current. The pressure is sufficiently 

low that the dominant loss of electrons and ions is by diffusion to and recombination on 

the walls, rather than recombination in the plasma. The plasma establishes an electric 

field sufficiently high that new electrons created by ionisation are able to replace those 

lost to recombination. The electron density adjusts to the value needed to carry the 

electric current. 

The anode fall, e, is a region in which the plasma properties are likely to be 

different from those in the positive column due to the influence of the anode. In many 

practical devices the anode has a smaller cross-sectional area than the positive column, 

4 
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which leads to a plasma constriction and a rise in the electric field. Depending on the 
system, other regions can be visible: the cathode glow, the negative glow, the anode 
glow, etc. 

t > 

— 
a b e d e 

+ 

< 

a b e d e 

E 

\ / 
Figure 1.1: Glow discharge in a tube. 

Electrons are the workhorses of non equilibrium plasmas. They gain kinetic 

energy from the electric field, and ideally lose most of that kinetic energy to inelastic 

collisions, resulting in new chemical species or exciting atomic/molecular levels which 

radiate photons. The electron temperature Te defined in terms of the mean electron 

kinetic energy is generally within a factor of two of 1 eV = 11600 K. The electron 

density ne is generally within an order of magnitude of 101 2 cm - 3 in the negative glow 

and positive column regions of these devices. For this density and Te = 11600 K, the 

Debye length is 

A° = £r*r = 7 x 1 0 - 4 c m 0 2) 

Since the typical container diameter (laboratory conditions) is of the order of D = 

1 cm, the plasma condition 

5 
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(1.3) 

is readily met, ensuring quasi-charge neutrality. 

Regarding a.c. discharges, at frequencies above 1 MHz, direct contact between 

the electrodes and the plasma is no longer necessary. The energy can be fed indirectly by 

capacitive or inductive coupling (Figure 1.2). In the case of capacitive coupling, the 

electrodes enclose the plasma tube. For inductive coupling, the tube lies on the axis of 

the coil. 

For work in normal unshielded laboratories, care must be taken not to interfere 

with radio or other equipment. Only certain frequency bands, e.g., the industrial 

frequencies, or radio-control frequencies, are permitted for scientific experiments. For 

plasma experiments, generators with fixed frequency (13.56 MHz is largely used) and 

adjustable power are preferred. In addition to the generator, it is necessary to have a 

matching network which transforms the impedance of the generator to that of the load. 

The proper matching of impedances is necessary to obtain an efficient coupling of power 

to the discharge. For laboratory purposes, transmitters with power output up to 300 W 

are usually sufficient. 

The particular application often determines the pressure which is used5a. For 

example, in the sputter deposition of thin films, low pressures are required (no more than 

a few tens of millitorr, and often only a few millitorr) in order that the ions can traverse 

the sheath region between the glow discharge and target without losing significant 

kinetic energy (collisionless sheath). The low pressure is also needed to ensure that most 

of the material which is sputtered from the target can reach the substrates without being 

collisionally scattered to the walls of the vacuum chamber, or back to the target from 

which it came. When high-energy ion bombardment is not required, higher pressures can 

be used and, in fact, are necessary when large outputs of gas are needed. 

6 
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RF 

t i 
(a) 

RF 
RF 

\_A—A—A—A—A— 

j y y v \j 
(b) (c) 

Figure 1.2: Typical arrangements for electrodeless high-frequency discharges: (a) 
plates outside the reactor, (b) rings, and (c) a coil around the reactor. 

1.3. Examples of Plasma Processes 

Nowadays plasma technology plays a very significant rule in industry processing 

of surfaces6-17. A few apparatus configurations that are used for some of the principal 

plasma-assisted deposition processes are schematically illustrated in Figure 1.3. 

/. Glow Discharge Sputtering a, in which coating atoms are ejected from a target 

electrode as a consequence of the momentum exchange associated with the 

bombardment of ions from a plasma and condensed on suitably placed substrates, 

constitutes one of the oldest applications of plasmas in material processing1819. Low 

pressure (0.1-10 Pa) inert gas plasmas (usually argon) are generally used. However, 

reactive sputtering, in which at least one species of a multicomponent coating is 

introduced in the gas phase has become increasingly more important23 . 

7 
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Ion Plating2 0'2 1, b, is a process in which ion bombardment of the substrates, prior to 
deposition for substrate cleaning and during deposition for modifying coating 
properties, is accomplished by making the substrate(s) the cathode electrode of a low 
pressure (usually d.c.) plasma discharge in a mixture of the coating flux and an inert 
working gas (usually argon at about 4 Pa). The coating flux is usually provided by 
evaporation, as shown, but sputtering may be used. The working gas may contain 
active species (reactive plating)22. Ion plating is generally applied to metal coatings 
on metal substrates. 

In Activated Reactive Evaporation (ARE) 2 4 2 5 , c, a plasma discharge is sustained in a 

flux of the evaporated material and a reactive gas. The dissociation and ionisation 

which are induced in the low pressure (1-5 Pa) reactive gas increase its reactivity on 

the surface of the growing coating and promote the formation of stoichiometric 

compounds. The plasma may be driven by a d.c. or an r.f. potential. ARE is 

commonly used for depositing metal oxides, carbides and nitrides. 

In Plasma Assisted (or Enhanced) Chemical Vapour Deposition26 2 7 reactant gases 

are passed through a low pressure (1-1000 Pa) plasma discharge where dissociation, 

ionisation and gas phase reactions are induced which permit coatings to be deposited 

at much lower substrate temperatures than would be the case i f the reactions were 

simply driven thermally by the hot substrates. Apparatuses with the configuration 

shown in Figure 1.3 d, or the parallel plate arrangement shown in Figure 1.3e, are 

often used. The discharges are generally driven at frequencies in the range from 300 

Hz to the microwave range, with 13.56 MHz being the most common. Plasma-

assisted etching2 8'2 9, essentially the inverse of PECVD is used in the fabrication of 

integrated circuits with small critical dimensions. 

8 
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Chapter One 

1.4. Plasma Polymerisation 

The term plasma polymerisation is generally used as a way to distinguish between 

deposition on substrates maintained at ambient or near-ambient temperature (plasma 

polymerisation), or at elevated substrate temperatures (plasma enhanced chemical vapour 

deposition), being the result of a plasma polymerisation of eminently organic character, 

and the product of a PECVD process being usually inorganic. 

Plasma polymerisation refers to the formation of polymeric materials by using 

either the plasma state of monomers or reactive species created in the plasma state31"39. 

Although the plasma state is generally identified by the ionisation of the gases, and 

ionisation is the essential step in creating plasmas, the population of ions in a low 

pressure plasma is small compared with that of neutral species30. 

Deposition of polymers from monomers in vacuum does not occur as in 

conventional polymerisation reactions. Due to a low ceiling temperature for 

polymerisation in vacuum, most polymerisations, such as addition polymerisation of vinyl 

monomers, do not yield materials with high enough molecular weight to be recognised as 

polymers. Plasma-state polymerisation seems to be an exception in which polymeric 

materials deposit from vacuum. 

The species formation in vacuum can be explained by means of the scheme 

depicted in Figure 1 4 4 0 . In the scheme representation, Mx refers to an unexcited neutral 

species that can be the original monomer molecule or any dissociation product. Activated 

species capable of participating in chemical reactions to create a covalent bond are 

designed by M: Difunctional activated species are shown as •M: Subscripts /, j and k 

merely indicate differences in the sizes of the species involved. 

An important aspect of the polymer-forming mechanism is that the major 

reactions which lead to an increase in molecular size are the reactions between a reactive 

species and a molecule which constitute the propagation reaction in chain-growth 

polymerisation. As shown in Figure 1.4, the overall reaction contains two major routes 

to rapid step growth. Cycle I is via repeated activation of reaction products from 

10 
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monofunctional activated species and the repeated reaction of these species. Cycle I I is 
via difiinctional or multifunctional activated species. Chain-growth polymerisation 
carried out by activated species, particularly free radicals, of certain monomers is 
possible under certain conditions; since such reactions as shown in (1) and (4) do not 
propagate in vacuum (low ceiling temperature), fraction (3) is a cross cycle reaction 
which converts a difunctional activated species into a monofunctional activated species. 

Therefore, as soon as a plasma is created, the gas phase is no longer the vapour 

of the original monomer but becomes a complex mixture of the original monomer, 

ionised species, excited species of the original monomer, excited species of fragments 

from the monomer, and gas products that do not participate in polymer formation. 

Because the vacuum must be maintained by solid surfaces, the plasma also interacts with 

(i) • M : - M M 

• M : - M : ^ Mj« + • M . (2) 

\ Cycle I 

l 
Plasma (3) M • M , . - M, 

l Excitation 
• M , • 

Cycle II 

• M , • + M 
(4) \ 

• M , . • + • M . • k '"J (5) 

Figure 1.4: Mechanism of plasma polymerisation' 

wall materials as well as any other materials that exist in the plasma, such as substrates 

and supports. So, polymer-forming intermediates and gas by-products may also originate 

from solid materials with which plasma interacts. In this sense, any material that reacts 

with plasma becomes a source of monomer for plasma polymerisation. In other words, 

the net polymerisation (or ablation, etching of the surface) will be a result of the balance 

between these processes, the so called CAP model (Competitive Ablation 

11 
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Polymerisation)41-45, which is depicted in Figure 1.5. One can easily visualise that plasma 
polymers formed following this route will possess high and randomically crosslinked 
structure, with trapped active centres (usually free radicals) and, as a consequence, 
completely different from conventional polymers. 

It is important to recognise that the discharge power level described for plasma 

polymerisation is a system-dependent parameter. Once the molecules present in the 

plasma are broken and recombined at random (the equilibrium species being dependant 

on the stability - strength - of the formed molecular bonds), it is said that plasma assisted 

polymerisation obeys an atomic rule, not a molecular one46"49. So, when analysing a 

steady-state flow system, it is more convenient to work with mass flow rates than 

molecular ones. For a fixed geometry and pressure, i f one wants to characterise the 

behaviour of a plasma in relation to power, one must be aware of the plasma power 

Starting Non-porymer Effluent 
material forming gas gas 

\ Plasma-state 
Plasma or glow polymerisation 

discharge polymerisation 

Ablation 

Plasma-induced 
Polymer-forming Polymerisation 

intermediates Plasma boundary 

mmmmmm. r Polymer Solid phase 

Figure 1.5: Competitive Ablation Polymerisation (CAP). 

density, defined as — " , where FM is the mass flow rate and W the discharge power. 

In other words, the composite parameter — represents the energy input per unit of 
M 

mass of monomer. 

12 
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The value of FM can be estimated assuming the gas inside the reactor behaves as 
an ideal one50. For an ideal gas we have: 

where m is the mass of gas inside the reactor, M is the molecular weight of the gas, Fis 

the volume of the reactor, R is the universal gas constant, T the gas temperature, and P 

the gas pressure. 

In a reactor which is continually fed by monomer at a mass flow rate F^, i f one 

closes the outlet of the reactor to the pump at a time / = 0 (leaving the monomer inlet 

open), FM is related to the increase of the pressure as it follows. 

dm (MV\dP 
M~ dt ~{RT Jdt 

(1.5) 

dP 
I f one estimates the value of — 

dt 

as — (the ratio between the change in pressure in the 

reactor and the time spent during this change), one has: 

M {RT ) At 

The description of the reactor used in this thesis, as well as the experimental 

procedure used to obtain the data for equation (1.6) can be found in section 3.2 of 

Chapter 3. 

13 
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1.5. Organ osilanes as gases for plasma assisted processes 

Since the earliest days of plasma chemistry, there has been keen interest in using 

organosilicon compounds for several reasons51: 

1. Silicon is not only among the most abundant elements in the earth's crust (and 

therefore relatively cheap), but it can be ultra-purified to the sub-ppm or even ppb 

levels. 

2. This chemical family, comprising many hundreds of compounds, includes several 

dozen which are sufficiently volatile near ambient temperature to be used with 

relative ease in normal plasma-chemical procedures; 

3. Organosilicon compounds tend to be relatively non toxic, and they are generally of 

low flammability or non-flammable, relatively cheap, and available from commercial 

sources. 

4. Conventional organosilicon polymers and elastomers play an important role in 

macromolecular science, both from the fundamental and applied points of view. It is 

therefore logical that researchers should be interested in exploring plasma-generated 

counterparts to these materials. 

5. The natural chemical affinity between pure, single-crystalline silicon (c-Si) and 

organosilicon plasma polymers, since modern semiconductor technology is largely 

based on the use of silicon. 

Si can also be doped, and it possesses a chemically stable oxide (Si0 2) which is 

among the best electrical insulating materials known. The ability to grow perfect thin 

Si0 2 by thermal oxidation of c-Si is largely responsible for the evolution of VLSI and 

ULSI (very- and ultra-large-scale integrated circuit) technologies, respectively. Plasma 

chemistry plays a major role in the fabrication of c-Si based VLSI technology5 2 5 3: 
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a. Plasma etching (or rather, "reactive ion etching", RIE) is the most practical way of 
directionally etching Si, its compounds, semiconductors, and various metals and 
polymers used in VLSI fabrication. 

b. Plasma deposition (or rather, "plasma-enhanced chemical vapour deposition", 

PECVD) of inorganic silicon compounds silicon nitride, -oxide, and -oxynitride) 

from mixtures of silane (SiH4), ammonia (NH 3), nitrogen, nitrous oxide (N2O) or 

other gases and combinations thereof, is also indispensable to VLSI, for these 

materials are used in devices both as insulation and as passivating layers. PECVD 

has allowed processing temperatures to be lowered to the 250°C to 350°C range 

(compared with > 700°C for conventional C VD), an advantage of low temperature 

processing is that diffusive broadening of existing interfaces or junctions in devices 

is reduced to insignificance. 

Needless to say, these inorganic compounds are chemically quite distinct from 

organosilicon plasma polymers. This distinction becomes somewhat less clear, however, 

in the case of amorphous "silicon carbide" films, prepared by PECVD from a suitable 

mixture of silane and a hydrocarbon: these thin film materials, symbolised by a-SiC.H, 

may have rather similar elemental composition to a plasma polymer grown from 

organosilanes54-60, which are important in optical, biomedical applications, 

permeselective membranes and vapour barriers. Some of these monomers are listed in 

Table 1.1. 
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Table 1.1: some organosilicon compounds and their structural formulae. 

Monomer Structural formula 

Tetramethylsilane Me4Si 

Ethyltrimethylsilane EtSiMe3 

Vinyltrimethylsilane H2C=CHSiMe3 

Ethynyltrimethylsilane HC^CSiMe3 

Allyltrimethyl silane HaC-CHCHaSiMe, 

Trimethylchlorosilane Me3SiCl 

Phenyisilane PhSiH3 

p-Chlorophenylsilane Cl-PhSiH3 

Diphenylsilane Pr^SiHj 

Bis(trimethylsilyl)methane (Me^Si^CH, 

Disilylbenzene (H,Si),C,H 4 

1.6. Objective of this work 

The emphasis in the study of the plasma polymerisation of hexamethyldisilane 

(HMDS) has been the determination of physical and chemical properties of HMDS 

derived films for different applications61. The objective of this work is to chemically 

characterise the plasma polymerisation of HMDS by means of the surface analysis of 

deposited films and plasma diagnostics. Since obtained results are system dependent, the 

deposition of hexamethyldisilane (HMDS) derived films will be compared to the 

deposition from TMS (tetramethylsilane) plasmas (monomer which has already been 

extensively studied6 2 - 6 8) under identical experimental conditions. Finally, a comparison 

between the performance of both plasma polymers and standard polysilanes as reactive 

ion etch barriers has been carried out. 
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Chapter Two 

2.1. Introduction 

One can divide the methods of analysis used in plasma polymerisation into two 

groups: plasma diagnostics (which is for monitoring the gaseous phase) and surface or 

bulk methods (related to the characterisation of the solid products of plasma 

polymerisation). 

Gas phase diagnostic in a glow discharge is a useful tool for studying plasma 

polymerisation mechanisms, particularly the initiation step, because it provides 

information on monomer fragmentation processes; for example, the identity of 

polymerisation precursors. The gas phase can be best analysed using mass spectroscopy 

and emission spectroscopy111 

An indirect diagnostic method, the combined use of gas chromatography and 

mass spectroscopy techniques has been used to examine the gaseous reaction products 

from audio frequency glow discharges in a number of methylsiloxane and methylsilazane 

monomers12*14. In this technique, the species sampled from the reactor effluent were first 

separated by gas chromatography, following which they were identified by mass 

spectroscopy; it turned out that the method is sensitive to the detection of the light 

hydrocarbons rather than of heavier products. 

There are only a few reports dealing with diagnostics of organosilicon plasmas 

with emission spectroscopy1516. This technique has been used to examine rf plasmas of 

tetramethylsilane (TMS) 1 5 and of TMS/H^ mixture16. 

In most plasma polymerisation experiments, one produces only very small 

quantities of solid product (plasma polymer), typically milligrams. Further, this material 

is generally insoluble in organic solvents due to its high degree of crosslinking. These 

factors greatly complicate the characterisation of plasma polymers by several analytical 

methods generally used for conventional polymers; instead, more sophisticated tools 

must be used. The structures of plasma polymers have been examined by numerous 

modern and "classical" techniques. These include infrared 1 7 ' 2 0 and ultraviolet 2 1 2 2 

absorption spectroscopies, Auger electron spectroscopy23"26, X-ray photoelectron 
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spectroscopy27"31, secondary ion mass spectroscopy3233, solid-state nuclear magnetic 
resonance spectroscopy34, combined pyrolisis/gas chromatography/mass spectroscopy35, 
electron spin resonance spectroscopy36, X-ray diffraction 3 7 ' 3 8, thermogravimetric 
analysis39, transmission electron microscopy40 and scanning electron microscopy41 

Because when working with plasma polymers, one mainly works with surfaces, 

the most important methods, regarding the solid phase, are the photoelectric 

spectroscopies, IR spectroscopy (using the reflection mode of operation), as well as 

microscopy. However, depending on the amount of produced material, bulk sensitive 

methods can also be used. 

The considerations above, as well as the availability of equipment, restricted the 

main methods used in the analysis of both plasma and solid phases to the following 

techniques. 

1. Emission Spectroscopy (ES) 

2. X-ray Photoelectron Spectroscopy (XPS) 

3 Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) Spectroscopy 

4. Solid State Nuclear Magnetic Resonance (NMR) Spectroscopy 

5.. Atomic Force Microscopy (AFM) 

The main principles of these methods (as well as the experimental set up used in 

this work - apart from the deposition equipment, which is described in section 3.2 of 

Chapter 3) are, therefore, explored in the next sections. Additionally, brief information 

about experimental methods used in a lower scale (X-ray diffraction, permeation 

experiments, and elemental analysis) are described in this chapter. 
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2.2. Emission Spectroscopy 

2.2.1. Main principles 

Atomic emission spectroscopy is closely related to the early developments of 

quantum mechanics42"44: the occurrence of discrete lines in the emission spectrum of 

atomic hydrogen, first observed by Balmer in 1885, indicated one of the first flaws in 

classical physics. 

Following the developments of Planck and Einstein, in 1913 Bohr created the 

first atomic quantum theory for atoms (or ions) with 1 electron. This theory originated a 

variation from Sommerfeld: while Bohr's hydrogen atom had an electron performing 

circular orbits around the nucleus, the later theory presented the possibility of elliptical 

ones. 

After de Broglie proposed that with any moving body there is associated a wave 

(1924), Born related this wave to a probability density and Shrodinger postulated the 

fundamental law of quantum mechanics: 

where H is the Hamiltonian operator (related to the sum of kinetic and potential energy 

of the particle): 

E is total energy of the particle, m is the mass of the particle, V is its potential energy and 

if/ is the wave function associated to the particle, being the product y/\p* (where is the 

complex conjugate of y) associated to the probability density (dP) in the following way: 

Hy/= Ey/ (2.1) 

) 
h e? c? J 

H i 2m .3c2 dy1 dz 
(2.2) 

dP= y/y/*dr (2.3) 
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where dx is an infinitesimal element of volume. 

With the formulation of the uncertainty principle by Heisenberg (1927) and the 

contribution of Dirac (1928) - accounting for relativistic effects in the Shrodinger 

equation - the basic tools for the developing of spectroscopic theories, as we know 

today, were firmly established. Calculations of orbitals, terms, and states of 

polyelectronic atoms were then carried out mainly through the approximate method of 

solution of the Shrodinger equation devised by Hartree, the self-consistent (SFC) 

method. 

When analysing molecules, usually use is made of the Born-Oppeinheimer 

approximation: 

¥ = ¥ e ¥ v ¥ r (2.4a) 

and 

E = Ee+Ev+Er (2.4b) 

where the indices e, v and r denote electronic, vibrational and rotational, (total energy -

E - or wave function -y/) respectively. This approximation makes possible the treatment 

of emission spectroscopy (and all other kinds of electronic spectroscopy) easier, since 

electronic, vibrational, and rotational analysis can be carried out separately. 

Figure 2.1 shows a typical potential energy diagram for an electronic transition in 

a diatomic molecule (absorption). Here the vibrational energy levels are shown, but not 

the rotational levels. I f the experiment is carried out at room temperature, then only the 

v = 0 level of the lower state will be appreciably populated. In electronic spectra, there is 

no simple selection rule governing the change in vibrational quantum number, so 

transitions to all the vibrational levels of the upper state may be observed in principle. 

Thus at low resolution the absorption spectrum will consist of a series of peaks, 

corresponding to the vibrational transitions 0 -> 0, 0 -» 1, 0 -» 2, etc. 
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Figure 2.1. Energy diagram for an electronic transition 

The differences in vibrational energy in the upper state between the levels with 

quantum numbers v and 0 is 

AEvlb=hvvtbu-xhvvtbL(u+l) (2.5) 

Therefore the frequencies of the peaks in the electronic spectrum are given by 

v = v*>+vvib - n*x t<u+ l ) (2.6) 

where v M is the frequency of the 0 0 transition and x is the anharmonicity constant. 

I f each of the peaks in the electronic spectrum is studied at higher resolution, it is 

found to consist of a series of lines, which is due to changes in the rotational quantum 
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number. The structure is very similar to that seen in infrared spectroscopy. P and R 
branches ( A / = -1 and +1) are observed for all diatomic molecules; Q branches (A/ = 0) 
are observed only if there is a change in electronic orbital angular momentum between 
the two states. 

The equation giving the frequencies of lines in the R branch is 

hv= AE - AEel + AE„b +2B'+{B'~B") J2 + (3B~B")j (2.7) 

h2 

where B -—r—r-, u is the reduced mass, and r the distance between the two atoms 

centres. 

Thus for low values of J the lines are roughly equally spaced, but as J increases 

the J2 term causes the lines to converge, as in vibrational spectra B" > B\ However, this 

convergence is slow, and not observed in many cases. In electronic spectra, the 

difference between Bf and B" may be very much larger, as the internuclear separations in 

different electronic states can be widely different. I f the internuclear separation is greater 

in the upper state, then B' < B" (B oc 1/r2), and the R branch will show a band-head. This 

is shown in Figure 2.2b. Thus the observation of band-heads immediately tells us whether 

the internuclear separation is larger in the ground state or in the upper state, and this in 

turn suggests whether a bonding electron (producing an increase in bond length) or an 

antibonding electron (producing a decrease in the bond length) is being excited. A band 

such as that shown in Figure 2.2b shows a definite cut-off at high frequencies and a tail 

at low frequencies, and is said to be red-degraded. One such as in Figure 2.2a, where the 

tail is now towards high frequencies (the blue end of the spectrum), is said to be blue-

degraded or violet-degraded. 
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Figure 2.2: Band heads in electronic transitions 

Electronic spectra are frequently observed in emission rather than absorption; as 

electronic excitation energies are typically much larger than thermal energies, at room 

temperature, it is necessary to provide energy to raise molecules to their excited states. 

This is commonly achieved by electric discharges or by simple heating. 

The general appearance of an emission spectrum is more complex than that of the 

corresponding absorption spectrum, even i f only one electronic transition is considered. 

In the absorption experiment, normally only the lowest vibrational energy level is 

occupied, whereas in emission experiments it is common for many vibrational levels to be 

occupied. This difference is illustrated in Figure 2.3. On the other hand, it can be an 

advantage, since it is possible to observe transitions between several electronic states. 
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Figure 2.3: Energy diagram representing an emission process 

2.2.2. Experimental set up 

In this work, a computer controlled UV emission spectrometer based upon a 

Czerny-Turner type monochromator was used for plasma glow analysis. The reactor was 

coupled to it via a quartz window. This instrument could scan the spectrum continuously 

from 180 to 500 nm at 0.5 nm resolution. 
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2.3. X-ray Photoelectron Spectroscopy 

2.3.1. Main principles 

X-ray Photoelectron Spectroscopy (XPS) is based on the following principle45 4 6 : 

• Monochromatic short wavelength radiation is used in order to detach electrons from 

the sample, the kinetic energy of the electrons being measured by means of an 

electron analyser. The difference in energy between the exciting photons of frequency 

v and the electrons detached (Ehn) is equal to the binding energy of the electron. 

EB = hv-Ehn (2.8) 

The XPS spectrum therefore gives information about the binding energies or ionisation 

energies of electrons in the sample investigated. According to the Koopman's Theorem47, 

the ionisation energies describe the sequence of atomic or molecular orbitals 

quantitatively. This is shown schematically in Figure 2.4 for two orbitals 1 and 2 of 

different energy, separated by lx and I 2 from the zero level of energy, attributed 

arbitrarily to the detached electron without surplus kinetic energy and outside the 

attractive potential of the positive ion left during ionisation. The ionisation energies 

measured by XPS are one-electron ionisation energies. 

Depending on the magnitude of hv, two experimental variants of electron 

spectroscopy can be distinguished48: 

1. excitation in the far-UV (hv « 20 eV): this method is often called Ultra Violet Photo 

Electron Spectroscopy (UPS), 

2. X-ray excitation (hv « 1500 eV): XPS. Using this high energy excitation, even firmly 

bound core electrons can be detached. 
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In solids, the detached electrons are rapidly thermalised, at least in the bulk 

(Figure 2.5) of the sample. Within a very thin surface layer, however, of the order of 

5 » 2 nm, the electrons are allowed to leave the surface without loss in kinetic energy, so 

that Equation (2.8) can be applied. Hence XPS is uniquely suited for studying surfaces. 

The block diagram in Figure 2.6 shows the most important parts of an XPS 

spectrometer. The X-ray sources most commonly used are M g J ^ (1253.7 eV, 0.99 nm) 

and A l l ^ (1486.6 eV, 0.83 nm). The sample (film or powder) is kept under vacuum of 

about 10 5 Pa on a sample holder. The kinetic energy of the electrons detached is 

determined in most commercial instruments using a double-focusing electrostatic 

analyser. The number of electrons of a given energy is counted and recorded as a 

function of their kinetic energy. 

i 

hi/ 

Ii 

1 

2 

Figure 2.4: Schematic energy level diagram for an XPS experiment. 
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Figure 2.5: Behaviour of detached electrons in the bulk and at the 
surface of a given film. 
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Figure 2.6: Block diagram of a typical XPS spectrometer 

33 



Chapter Two 

The electrons detached and analysed either originate from loosely bound outer 
(valence) electrons or from tightly inner (core) electrons. I f a X-ray photon removes an 
electron from the n-th (core) orbital, the energy In is consumed and the corresponding 
peak in the spectrum is in general strong. With a certain probability, simultaneous 
energy-consuming processes may occur, as indicated in Figure 2.1, which decrease the 
kinetic energy of the detached core electron and cause satellite peaks at lower EHn. The 
energy differences to the corresponding main peak are similar to those observed in 
ionisation (shake-off) or optical excitation (shake-up) of valence electrons, although the 
selection rules are different in the latter case. 

Shake-up and shake-off occur simultaneously with the ejection of a core electron. 

Other processes follow after these processes, since the electron system is left in a highly 

excited and short-lived state which is deactivated by 4 9 

• X-ray fluorescence (emission of photons), 

• Electron emission (Auger effect). 

The Auger electrons are also recorded and can be distinguished from true "XPS 

electrons" using different excitation wavelengths, the kinetic energy of Auger electrons 

being independent of the exciting photon energy. 

The information gained from the spectral position of XPS peaks relates to the 

binding energy differences between the different orbitals. The line-width gives further 

information, provided the influence of instrumental broadening can be minimised. The 

total line-width (A) of core-electron peaks is composed of three additive terms50, 

Equation (2 .9), related to the half-width of X-ray excitation A x, the half-width due to the 

spectrometer (electron analyser), A 5 , and the natural line-width A r 

A 2 = A * + A 2 , + A 2 , (2.9) 
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Figure 2.7: The origin of shake-up and shake-off satellite peaks in 
core level spectra. 

For non-monochromatised Mg or A l f l ^ ) radiation, amounts to 0.7 and 0.9 eV, 

respectively, for monochromatic Al radiation A x = 0.55 eV. In modern spectrometers As 

can be neglected. The natural line-width is related to the uncertainty principle51, Equation 

(2.10): 

A £ A / > — (2.10) 
In 

As a consequence, A r is determined by the lifetime of the excited positive hole left by the 

electron detachment, which can have the magnitude of x = 10"16s52'53. According to 

Equation (2.10), with x = At for A r (= AE) one obtains a value of the order of 1 eV. 

Core electron peaks are prominent in XPS spectra since their binding energy is 

nearer to the photon energy of exciting X-rays than that of weakly bound valence 
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electrons thus facilitating the energy uptake. Core electrons are less directly involved in 
binding the atoms to monomers and polymers, compared to the valence electrons which 
belong to molecular rather than atomic orbitals or to energy bands. Core electrons are, 
however, influenced by the mode of binding, as evidenced by shifts in ionisation energies 
relative to the free atom values. The free atom values are characteristic of the element 
and the orbital considered. 

The shifts are called, by analogy to NMR, "Chemical Shifts", and depend on the 

electron densities near the nuclei on account to the shielding of the positive charge of 

the nuclei. 

The core electron peaks in the XPS spectrum therefore can be used in order to 

identify the atoms present in the polymer - and more specifically near the surface -, their 

mode of binding and their relative abundance. As an example, Figure 2 .8 depicts the XPS 

spectrum of the C(ls) region of a fluorinated plasma polymer69. One can clearly see the 

different chemical environments present in the plasma polymer. 

CF 
- J L -

CF-( 
C f ? J JL C-CF 

c * f t ! • A 
i * H — 

: N / \ X 
\ V \ ' \ 

295 293 291 289 287 285 263 

Figure 2.8: XPS spectrum of the C(ls) region of a plasma polymer, 
after Clark69. 
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2.3.2. Experimental set up 

X-ray photoelectron spectra were acquired on a Kratos ES200 surface analysis 

instrument operating in the fixed retarding ratio (22:1) analyser mode. Magnesium K« 

X-rays were used as the photoexcitation source with an electron take-off angle of 30° 

from the surface normal. Instrument performance was calibrated with respect to the gold 

4f 7 / 2 level at 83.8 eV with a full width at half maximum (FWHM) of 1.2 eV. No 

radiation damage was observed during the typical time scale involved in these 

experiments. An IBM PC computer was used for data accumulation and component 

peak analysis (assuming linear background subtraction and Gaussian fits with fixed 

FWHM). All binding energies are referenced to the hydrocarbon component at 285.0 

e y53a instrumentally determined sensitivity factors for unit stoichiometry were taken as 

C(ls) . O(ls) : Si(2p) equals 1.00 . 0.55 . 1.05 (this consists in the ratio between the 

intensities peaks related to the same number of atoms of carbon, oxygen, and silicon). 

Argon depth profiling studies were performed on a Vacuum Generators 

ESCALAB instrument, using constant analyser energy mode photoelectron detection 

(CAE, 50 eV pass energy), and a cold cathode ion gun (Vacuum Generators AG21, 1-

2% energy spread) for substrate etching. Aconstant flux of 3 keV A r + ions was 

mainteined during depth profiling experiments by keeping the ion current fixed at 1.0 uA. 

2.4. ATR-FTIR Spectroscopy 

2.4.1. Main principles 

The infrared (IR) spectroscopy is based on excitation of molecular vibrations by 

absorption of photons in the spectral region of 0.75 to 2.5 urn (near IR), 2.5 to 50 um 

(medium IR), and 50-1000 um (far IR) . The most important selection rule is the 

change in the dipole moment during excitation. This selection rule is to be attributed to 

interaction of the sample with the electric field of the electromagnetic radiation. Totally 
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symmetric vibrations are forbiden in IR absorption, since by definition the dipole moment 
cannot change during a transition. Strong IR-absorptions are displayed by polar groups 
which already in the ground state have a strong dipole moment (juQ), perhaps the best 
known example being the carbonyl group: 

+ -

> C = 0 

PQ = 2 to 3 Debye. 

As a rule, IR transitions of transparent or soluble polymers are measured using 

transmission (absorption) techniques, the samples being thin films or solutions in CC14, 

CS2 or other solvents for limited spectral ranges. In these experiments, reflection is 

eliminated by conducting the reference beam through a twin cuvette that is filled with the 

solvent used to dissolve the compound in question. 

Recording film spectra, reflection cannot be excluded completely, since the 

reference (if there is any) often has not exactly the same reflection behaviour as the 

sample. Ideally, a very thin film of the sample (a polymer, for example) should serve as a 

reference, the effective sample thickness being the difference between sample and 

reference film. Two kinds of polymer samples require special reflection techniques in 

order to yield useful vibrational spectra. 

• Polymers layers on opaque substrates, highly IR scattering samples, certain resins and 

rubbers not measurable in transmission. 

• Oxidised or otherwise surface-modified films, i f the surface of the polymer is to be 

studied in order to elucidate the nature and extent of modification. 

Reflection of electromagnetic radiation at smooth surfaces shows maxima in the 

region of strong absorption bands due to the increase in the refractive index. Diffuse 
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reflection and scattering at surfaces, at the other hand, yields maxima in regions of 
minimal absorption of the sample, since in these spectral regions the losses due to 
absorption of radiation are very low. The same is true for attenuated total reflection 
(ATR) 5 5 of IR radiation, a technique combining total reflection in a crystal, covered by 
the sample (e.g. a polymer film) and absorption in the thin surface layer which is 
penetrated by the I.R. beam (Fig 2.9). The penetration depth into the medium with 
lower refractive index (polymer) depends in a complex manner on the wavelength, the 
refractive indices nl (crystal) and n2 (sample) and on the angle of reflection; as an order 
of magnitude, the penetration depth is given by the following expression: 

P In^sva10-n2lnx 

where X is the wavelength and 6 is the angle of reflection and can be estimated at 

AJ10, i.e. roughly 100 to 1000 times the value estimated for the surface layer involved in 

XPS 

In practice, multiple reflection is used in order to increase the effective path 

length, Figure 2.9b. Since the optical constants of polymer and crystal vary as a function 

of wavelength so that the depth of penetration varies, too, the ATR spectrum is not 

identical with the absorption spectrum, although the spectral position of the bands are 

the same. 
Sample 

-A/10 

»i (> / \ f 
/ CryBtal \ 
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m-beam / X/vv 
Sample (cj) 

m-beam / X/vv y 
/ \ 

to 
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(b) 

Fig. 2.9: Principle of ATR a)single pass and b)MuItiple Internal Reflections (MIR). 
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Figure 2.10 shows a typical application of ATR-FTIR in the characterisation of 
plasma polymer coatings67. It can be seen that, despite the thickness of 50-200 nm of the 
films, the method is capable of detecting differences in the chemical composition of two 
systems which only differs on the substrate 
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Figure 2.10: ATR-FTIR spectra of organosilane plasma polymers deposited 
on different substrates, after Coopes67. 

2.4.2. Experimental set up 

Infrared absorbance spectra of liquids, powdered materials, and coated films were 

taken on a FTIR Mattson Polaris instrument. Powdered materials were mixed with dried 

KBr, then pressed into a disc, and characterised by the transmission method. Liquid 

samples were diluted in CCI4 (3% weight/volume solution). Samples prepared with 

polyethylene substrates were mounted onto a variable angle attenuated total reflection 
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(ATR) cell fitted with a KRS-5 crystal. An incident beam angle of 45° was used, which 
resulted in 14 internal reflections553. Typically, 100 scans were acquired at a resolution 
of 4 cm 1 . 

2.5. Solid State Nuclear Magnetic Resonance 

2.5.1. Main principles 

In its simplest form, nuclear magnetic resonance (NMR) is the study of the 

properties of molecules containing magnetic nuclei by observing the magnetic fields at 

which they come into resonance with an applied field of definite frequency. In the field of 

1 T the resonance condition is fulfilled for protons with 42.578 MHz radiation, and so 

NMR is a radiofrequency technique. Early NMR spectrometers used fields of about 1.1 

T, but much higher fields are available using superconducting magnets, and modern 

spectrometers operate at up to about 10 T, which corresponds to resonance at over 400 

MHz 

Nearly each element has one or more magnetic isotopes (see Table 2.1); only 

those isotopes which are formally build up by the He nuclei have no magnetic moment: 

"He, 8Be, 1 2C, , 6 0, 2 0 Ne, "Mg, 2 8Si etc. In principle, therefore, it should be possible to use 

nearly all elements in NMR spectroscopy, although for reasons of sensitivity only 1 9F can 

be measured on conventional continuous mode spectrometers56. The main causes for low 

NMR sensitivity of an isotope are low natural abundance and small magnetic moments. 

Furthermore, the nuclear quadrupole moment of certain nuclei (e.g. 1 4 N, 1 7 0 , 3 3S) 

broadens the spectra so that the effective sensitivity of measuring these isotopes is 

decreased. The disadvantage of low sensitivity may well be overcompensated by very 

weak spin-spin coupling due to low abundance (only very few pairs of the same isotope 

such as "C- C) once a method for recording spectra with a high degree of sensitivity is 

found. Such a method has become available (PFT-NMR) which combines excitation by 
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short (jus) r f pulses with Fourier-transformation of the signals obtained. On the other 
hand, the sensitivity of conventional continuous mode recording cannot be substantially 
increased due to saturation i f the excitation power is increased (in addition to limitations 
in time and field stability during signal to noise improvement by averaging)57 

Table 2.1: Comparison between CW-NMR and PFT-NMR spectroscopy. 

Item to be compared CW-NMR PFT-NMR 

rf-Radiation Continuous Pulsed 

Intensity (power) Small High 

Spectral purity of radiation Monochromatic Polychromatic 

Magnetic field Variable (in field sweep operation) Constant 

Signal /(v) or 1(B) 1(f)— FT-»/(v)or/(£) 

j Signal averaging Time consuming Rapid | 

Nuclei !H, ]9F All nuclei if natural abundance is sufficient 

Solid state Broad-line NMR High resolution possible (MAS-CP) 

Using the pulse method, one spectrum per pulse is stored, the minimal repetition 

time being five times the spin-lattice relaxation time (5TX). I f non equivalent nuclei are 

present, the longest Tx has to be used to calculate the repetition time. I f Tx is small, a 

large number of spectra can be stored and used for computational signal to noise 

averaging. 

The r f excitation pulses in PFT-NMR cover a frequency range which is at least as 

broad as the spectrum expected. They, therefore, contain all frequencies needed for a full 

NMR spectrum to be recorded i f the magnetic field is kept constant during the 

experiment. Owing to the shortness of the pulses, the power level of the exciting 

radiation can be much higher than in conventional CW-NMR spectroscopy. The 

magnetic nuclei of the sample which the apparatus has been tuned, e.g., 1 3C, 1 5 N , etc., 

absorb their characteristic frequencies from the radiation offered to them whereby the 
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magnetic moments are aligned with respect to the external magnetic field. The signal /(/) 
resulting after the pulse from reorientation of the excited spins corresponds to the 
interferogram in FT-IR spectroscopy, i.e. it contains the full spectral information in a 
coded form. Using the Fourier transformation technique, the signal /(f) is transformed 
into the NMR spectrum /(v) or 1(B). The signal /(/) is called FED (free induced decay). 

The most important nucleus in polymer spectroscopy is 1 3C since58-59: 

• Nearly all polymers show C-atoms in the main chain, or at least in side-groups. 

• The range of chemical shifts is very large (200 ppm) 

• Spin-spin coupling between neighbouring atoms ( 1 3C- 1 3C) - not to be eliminated by 

spin decoupling - is very weak owing to the low natural abundance (see Table 2.2); 

the probability of such contacts is about 10-4. 

Table 2.2: Nuclear spins of important isotopes 

Element Main isotope nuclear 

spin = 0 

Isotopes nuclear spin > 0 

(natural abundance percent) 

Approximative sensitivity 

relative to 'H 

H - ! H : 1/2 (99.98) 

2 H=D 1(1.5x10-2) 

1 

10-2 

C 1 3C: 1/2(1.11) 1.6 x 10-2 

N - 1 4 N : 1 (99.64) 

I 5 N : 1/2 (0.36) 

io- 3 

io- 3 

0 1 7 0 : 5/2 (3.7xl0 2 ) 3x10-2 

F _ 1 9F: 1/2 (100) 0.83 

Si 2 8 Si 2 9Si: 1/2 (4.7) 8x10-3 

P 3 1P: 1/2(100) 0.07 

S 32S 1 3 3S: 3/2(0.74) 2x10-3 

CI - 3 5C1: 3/2 (75.4) 

3 7C1: 3/2 (24.6) 

5xl0"3 

3x 10-3 
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The technique leading to well resolved solid state spectra (MAS) 6 0 ' 6 1 was first 
explored by polymer spectroscopists. The main reasons for low intensity, broad 1 3C-
NMR spectra in solids are62: 

a) Anisotropic magnetic dipole-dipole interaction, mostly 1 3C-H; 

b) Anisotropy of chemical shift; 

c) Long relaxation time T, (several minutes for 1 3C in solids) - limiting the repetition 

frequency. 

Restriction (c) is a problem of sensitivity, whereas (a) and (b) are fundamental 

restrictions. The experimental solution of high resolution in solid state 1 3C-NMR requires 

the following combination of techniques63: 

1) High power ^-decoupling; 

2) Rotation of the sample about the magic angle => Magic Angle Spinning (MAS); 

3) Cross polarisation (CP). 

High power ^-decoupling (1) solves the problem of dipolar broadening (a). This 

could, in principle, be solved by (2) at a very high rotation speed. MAS (2) is based on 

the fact that both intrinsic broadening mechanisms (a) and (b) contain the term 

(3cos 1 6- 1). This is visualised in Figure 2.11 for the 1 3 C- ! H interaction. The above term 

is zero at 6 = 54°44' relative to the external magnetic field. I f the sample is rapidly 

rotated at this angle, as indicated in Figure 2.11, the average 6 for all vectors (dipoles) in 

the sample is the magic angle and all dipole interactions as well as chemical shift 

anisotropics cancel. The rotation has to be faster than the frequency of the broadening 

mechanism to be eliminated, considering a 13C NMR spectrum, a 10 ppm broadening 

would be eliminated by a spinning frequency of several kHz. 

Cross polarisation (3) overcomes the long Tx of , 3C sequence by a sequence of 

suitable pulses which transfer the polarisation from slowly decaying 1 3C to the much 
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(a) 6 

13 

H 

(b) u 
\ B 54°44 Rotation axis 

of sample 

Figure 2.11: Magic Spin Angle (MAS), (a) definition of the angle 0, 
(b) schematic view of the MAS experiment. 

faster relaxing ! H system. This principle of CP is shown in Figure 2.12 by means of a 

hydrostatic analogue. The transfer of polarisation from the 13C to *H system is induced 

essentially by simultaneous irradiation with both 1 3C and *H resonance frequencies. 

Using the CP-MAS method, even insoluble materials, e.g. crosslinked polymers 

(like plasma polymers) can be studied with a resolution high enough for chemical 

analysis. The only prerequisite is the presence of a magnetic nucleus in the sample. 

Figure 2.13 depicts NMR spectra of a commercial epoxy resin using techniques (1), (2) 

and (3) 6 8. 
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Figure 2.12: Effect of cross polarisation (hydrostatic analogue) 
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Figure 2.13: Solid State NMR of a commercial epoxy resin, (1) 13C-broad line 
spectrum, (2) 60kHz lH decoupling, (c) 2.2 kHz MAS, after Garroway68 
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15*2, Experimental set up 

Solid-state NMR spectra were taken on a Varian VXR-300 spectrometer 

equipped with a Doty Scientific magic-angle-spinning (MAS) probe. 2 9 Si NMR signals 

were recorded at 59.6 MHz, and 1 3C at 75.4 MHz Tetramethylsilane was used as the 

chemical shift reference. 

2.6. Atomic Force Microscopy 

16,1. Main principles 

In force microscopy a probing tip is attached to a cantilever-type spring. In 

response to the force between tip and sample the cantilever, also called lever, is 

deflected64'65 Images are taken by scanning the sample relative to the probing tip and 

digitising the deflection of the lever or the z-movement of the piezo scanner as a function 

of the lateral position x, y. Typical spring constants are between 0.001 to 100 N/m and 

motions from microns to * 0.1 A are measued by the deflection sensor (Figure 2.14). 

Typical forces between probing tip and sample range from 1Q-11 to 10-6 N. For 

Deflection 

Sensor 

Lever 

V 
Feedback-Loop 

Probe Tip 

I 

xyz - Piezo 
Scanner 

Figure 2.14: Diagram of an atomic force microscope 
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comparison the interaction between two covalently bonded atoms is of the order of 10-9 

N at separations of » 1 A. Therefore, non-destructive imaging is possible with these 
small forces. Two force regimes are distinguished. Contact and non-contact mode. When 
the microscope is operated in non-contact mode at tip-sample separations of 10 to 100 
nm, forces, such as van der Waals, electrostatic, magnetic or capillary forces can be 
sensed and give information about surface topography, distribution of charges, magnetic 
domain or liquid film distribution. At smaller separations at the order of 1 A the probing 
tip is in contact with the sample. In this mode, ionic repulsion forces allow the surface 
topography to be traced with high resolution. Under best conditions atomic resolution is 
achieved. In addition, frictional forces and elastic or plastic deformations can be detected 
under appropriate conditions 

When operating in the static mode, the cantilever-type spring bends in response 

to the force F which acts on the probing tip until the static equilibrium is established. As 

derived from Hooke's law, the deflection zt of a cantilever is proportional to the force 

F = c^t where the proportional constant is the spring constant cb. A beam with constant 

cross-section has a spring constant which is given by 

3 E I n i-n CB=-^T (2.12) 

where E is the Young's modulus, / the length and / the fourth moment of area. For a 

rectangular beam of width b and thickness d the moment of inertia I is given by 

l J £ - (2.13) 
12 

With the dimensions 1 x lOx lOOum3 of a Si-cantilever (E- 1.69-1011N/ m 2 ) a spring 

constant of cb = 0.42 N/m is derived. In the static mode, typical forces between 10 1 0 to 

10"6 N are measured. 

While scanning the surface the deflection can be kept constant by regulating the 

height of the sample relative to the probing tip. This mode, called the equiforce mode is 
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the most common mode. The height profiles of a homogeneous sample (neglecting 

variations of elasticity) measured with van der Waals or repulsive ionic forces, are 

interpreted as topography. As an alternative the height position of the sample is kept 

constant and the variations of the lever deflection are digitised. This mode, called 

variable deflection mode, allows high scanning speeds. For atomic scale imaging this 

mode is quite common, because the height variations are small on this limited area. Thus 

the interpretation is similar to the equiforce mode. 

In the dynamic mode the lever is oscillating close to its resonance frequency. A 

distance-dependent force F(z) shifts the resonance curve. An effective spring constant is 

defined by 

A repulsive force (Fz <0) stabilizes the spring and increases the resonance 

frequency, whereas an attractive force destabilises the spring and lowers the resonance 

frequency (/): 

In the ac-mode the feedback loop either asserts constant amplitude (slope 

detection) or keeps the frequency constant (FM-detection). Both methods have the same 

physical content: the resonance curve is fixed to a certain position during the whole scan 

and profiles of constant gradient are measured. As an alternative the feedback loop is 

disabled and variable gradient images are acquired. Again, the constant gradient images 

are easier to interpret, whereas the variable gradient mode allows higher scan speeds. In 

the ac-mode, force gradients between 10-5 and 10 N/m are measured. With a simple force 

law of the form F2 = const -z~n the corresponding forces at a distance of z = 10 nm 

range between 10 1 3 to 10'7 N. 

eff (2.14) 

(215) 
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2.6.2. Experimental setup 

A Digital Instruments Nanoscope I I I atomic force microscope was used to 

examine the topographical nature of the studied surfaces. All of the AFM images were 

acquired in air using the non-contact tapping mode, and are presented as unfiltered data. 

2.7. Other techniques used in this work 

2.7.1. Permeation measurements 

The permeability measurements were carried out using the sample preparation 

chamber of a Kratos ES300 X-ray photoelectron spectrometer in a set up as shown in 

Figure 2.15. Discs of 22 mm were cut from polymer films of known thickness (measured 

using an a-step 300). The permeants were monitored using a quadropole mass 

spectrometer With each gas which was passed through the membrane, the system was 

calibrated so as to relate the ion gauge's sensitivity factors to the m/e signal intensity via 

a linear relationship (Pressure = Constant • m/e signal). 

Permeability probe T a P to membrane 

To roughing line 

•T, 
To baratron and 
leak valve Jl 

Gas supply 

Figure 2.15: Schematic representation of permeability experiments70 

50 



Chapter Two 

2.7.2. Elemental Analysis 

Elemental microanalysis was done on a Carlo Erba Elemental Analyser (model 

1106). This apparatus operates in the following way?1; The samples are weighed in Ag 

containers and dropped from a sampler into a reactor, where they are pyrolised 

immediately. From this point all the analysis is carried out by a microcomputer. A 

mixture consisting of CO, C 0 2 , H 2 , N 2 , C x H y O z and N x O y is then submitted to further 

oxidation (through the reaction with a CuO at 1000 °C), so that, as a result, all the CO, 

H 2 and C x H y O z is converted to C 0 2 and H 2 0 . The resulting mixture undergoes further 

reaction with Cu so that excess of oxygen is removed, as well as nitrogen oxides are 

converted to nitrogen. Now the mixture consists in C0 2 , H 2 0 and N 2 . It is separated in 

its components via gas chromatography and their concentrations determined through 

thermal conductivity measurements. The calculation of the percentages of carbon, 

hydrogen and nitrogen are then performed by the computer. 

2.7.3. X-Ray Diffraction 

When a X-ray beam falls on an atom, two processes may occur: (1) the beam 

may be absorbed with an ejection of electrons from the atom, or (2) the beam scattered. 

It has been seen in this chapter that the first case corresponds to the utilisation of X-rays 

as a beam for electronic spectroscopy, while the second case is useful in the 

determination (or characterisation of occurrence of) crystalline structure in solids. In this 

way, a diffuse pattern as a result of X-ray diffraction within a sample indicates absence of 

crystalline character; on the other hand, the presence of an organised pattern of 

diffraction indicates its presence72. 

In this work, a Philips X-ray diffractometer (model PW1009/80) fitted with a 

CuK^ (X = 1.5443 A) tube, and a Debye-Scherrer camera was used to evaluate whether 

powders possessed any crystalline character. 
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Chapter Three 

3.1. Introduction 

Although plasma polymerisation is a very powerful tool for surface engineering, 

it has the onus of being completely system dependent1*6. That makes a comparison 

between the behaviour of a particular precursor and a standard precursor widely used in 

the literature very difficult, so that both monomers should be plasma polymerised in 

exactly the same conditions (including the geometry of the reactor7-10). In the case of 

organosilanes, tetramethylsilane (TMS) can be considered a standard precursor11-18. 

In this chapter, the plasma polymerisation of tetramethylsilane (TMS) over a 

range of energies is described. Both thin layers and powders have been synthesised. 

Freshly deposited and aged materials have been characterised by XPS, FTIR, NMR, and 

XRD, in conjunction with UV emission analysis of the TMS glow discharge itself This 

combination of analyses on the same product offers a much deeper insight into the 

polymerisation and structural aspects of these carbosilicon materials 

3.2. Experimental: Reactor set up 

Tetramethylsilane (TMS, 99.9% Aldrich Chemical Company - vapour pressure = 

1 atm at 27 °C) was degassed by multiple freeze-pump-thaw cycles. Two types of 

substrate were used: low density polyethylene film for thin plasma polymer coatings 

(LDPE, Metal Box, 0.1 mm thickness), and glass slides for bulk powder product (1 mm 

thickness). Both were cleaned with isopropyl alcohol, and dried prior to use. 

Glow discharge experiments were carried out in an electrodeless cylindrical glass 

reactor (4.5 cm diameter, 490 cm3 volume) enclosed in a Faraday cage. It was fitted 

with a monomer inlet, a Pirani pressure gauge, and a 47 L min1 two-stage rotary pump 

attached to a liquid nitrogen cold trap. A 13.56 MHz radio frequency (RF) source was 

inductively coupled to a copper coil (4 mm tube diameter, 9 turns, spanning 11.0 - 18.5 

cm from the monomer inlet) via a matching network, Figure 3.1. 
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Figure 3.1: Schematic diagram of the experimental set up used in the plasma 

polymerisation studies. 

Monomer flow rate was controlled using a fine needle valve. Glow discharges at 

less than 5 Watts power were sustained by pulsing the plasma19. All joints were grease-

free. All the depositions were carried out using a continuous mass flow of monomer 

(Fjis)f which was estimated using the equations described in Chapter 1 (page 13). 

Experimentally that means that after having a given constant pressure in the reactor (due 

to the continuous and unknown flow of monomer F^J), the outlet to the pump is then 

abruptly closed. The increase in pressure AP, as well as its related time interval At are 

measured and used in the mentioned equations. 

Starting from a clean reactor (a reactor scrubbed with detergent, rinsed with 

isopropyl alcohol, and dried), a complete cycle of deposition consisted of the following 

steps: 

i. The reactor was additionally cleaned with air plasma (1 hour, power = 50 W, 

pressure = 0.1 Ton). When using glass slides as substrates, the cleaning plasma was 

carried out with them inside. When using polyethylene films as substrates, that was 

done without them, since oxygen containing plasmas drastically modify the surface 
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of these films, by oxidation20, 

ii. The reactor was pumped down to 0.001 Torr and the leak rate was estimated. It was 

never higher than 2.6 x 10-10 kg/s; 

iii. Monomer was admitted in the reaction chamber (continuous flow), resulting in an 

increase of pressure to 0.1 Torr and the monomer flow rate FM was estimated (FM = 

3.6 x 10 s kg/s - i.e. at least 99.3% of total mass flow is the organosilane precursor); 

iv Monomer flown through the reactor for 5 minutes; 

v. The deposition was initiated; 

vi. After the deposition was finished, the reactor was pumped down to 0.001 Torr and 

mantained at this pressure for 5 minutes; 

vii. The sample (or substrate) was removed from the reactor and submitted to the 

desired analysis. 

Since plasma polymerisation is very dependent on all the physical parameters 

(which may vary from one experimental set up to another one), use was made of six 

experiments, in order to "anchor" this experimental set up (by comparing the results of 

TMS deposition to the results of other systems in the literature), making it possible a 

relative comparison with any other different monomer in our system: 

a. Using polyethylene films, glow discharge polymerisations were carried out (time = 

10 minutes) for several values of W/F^. These films were analysed by XPS and 

ATR-FTIR techniques. These substrates were located at 6.5 cm from the monomer 

inlet; 

b. Excitation of the polyethylene surface by argon plasmas (powers varying form 5 to 

50 W), followed by pumping down the system to 0.001 Torr and the flow of 

organosilane monomer in the absence of a glow discharge. These experiments were 

designed to verify if the monomer would react with an excited surface (rich in free 

radicals). In other words, to test the susceptibility of the monomer to plasma initiated 

polymerisation; 
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c. Deposition of plasma polymer onto a 21 cm length polyethylene film, at a value of 
W/FM = 280 MJ/kg (the condition in which the deposition rate is highest, as 
subsequently shown ), and posterior XPS analysis. In this experiment, it was verified 
the relationship between the composition of the surface and the distance from the 
reactor inlet, 

d. Deposition of plasma polymer for 30 min on glass slides (W/FM = 280 MJ/kg); 

e. Deposition of powders (W/FM = 280 MJ/kg) - time of deposition: 6 hours. This 

experiment was designed to obtain material for FTIR, NMR spectroscopy, X-ray 

diffraction (XRD), and elemental (CHN) analysis, as well as ageing studies; 

f. Ignition of organosilane plasmas in a reactor coupled (via a quartz window) to an 

emission spectrometer. 

For the sake of comparison with the bulk plasma polymer, an FTIR spectrum of 

TMS diluted in C C l 4 (3 % w/v) was carried out. The experimental set up used for each 

method of analysis can be found in Chapter 2. 

3.3. Results 

Short deposition times resulted in a uniform coating, whereas longer periods (6 

hours) produced a substantial amount of non-crystalline powder. The powder was 

infusible, insoluble (THF, toluene, alcohols, NaOH 10 % - even using temperatures as 

high as 90 °C). The deposit was brown in colour, and did not visibly change in 

appearance with time. Elemental microanalysis of plasma polymer powder produced at 

the maximum deposition rate (W/FM = 280 MJ/kg) yielded a H/C ratio of 1.9. 

3.311. X-ray Photoelectron Spectroscopy 

The C(ls) XPS envelope of a thick layer of TMS plasma polymer coated onto a 
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glass substrate (Figure 3.2) contains a maximum at 285.0 eV related to the presence of 
C-C, C-H and C-Si environments2122. The Si(2p) region shows a single feature centred 
at 100.7 eV, which indicates the presence of Si-H and Si-C environments21'23. A small 
peak at 533.0 eV related to 0(1 s) level was observed in the spectra of fresh plasma 
polymer films. The oxygen content, calculated as a fraction of total carbon, silicon and 
oxygen amount, was less than 3%. This probably originates from trapped free radicals in 
the plasma polymer reacting on air exposure during transport from the deposition 
chamber to the X-ray photoelectron spectrometer. Corresponding C(ls), Si(2p), and 
O(ls) spectra taken following prolonged exposure to air (one month) displayed a 
significant degree of oxidation. Oxygen content was much greater in this case (11%). A 
pronounced shoulder is evident in the C(ls) envelope which can be attributed to the 
occurrence of >C-0- (286.6 eV), >C=0 / -O-C-O- (287.9 eV), -0-C=0 (289.0 eV), and 
-O-CO-O- (290.4 eV) functionalities24. A corresponding shift in the Si(2p) peak 
towards higher binding energy (101.2 eV) is seen, this is probably due to the presence of 
Si-0 (102.2 eV) and O-Si-0 (104.0 eV) silicon environments25. 

Figure 3.3 summarises the influence of W/FM upon Si/C ratio for freshly 

deposited TMS plasma polymer layers onto a polyethylene substrate. The oxygen 

content measured in these experiments was consistent with values reported above for 

glass substrates (i.e. less than 3%), and therefore heating of the polyethylene substrate 

by the RF field can be ruled out. No silicon species were detected in the absence of a 

glow discharge. The Si/C atomic ratio passes through a maximum with increasing 

W/FM, and then drops to zero. Related measurements show that the Si/C ratio 

decreases on moving downstream from the monomer inlet, Figure 3.4. Furthermore the 

Si/C ratio is found to be independent of deposition time, and therefore the coating must 

be homogeneous. 

Activation of polyethylene film with an argon plasma (5 to 50 W), followed by 

exposure to TMS monomer (in the absence of a glow discharge) did not result in any 

silicon uptake by the substrate. Therefore organosilicon deposition must be terminated 

at the precise moment at which the plasma is extinguished. 
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3.3.2. Fourier Transform Infrared Spectroscopy 

Figure 3 .5 is a compilation of the FTIR transmission spectra of TMS monomer, 

fresh and aged TMS plasma polymer powder. Characteristic absorption bands for TMS 

are assigned in Table 5 .1. Quantitative analysis was avoided because this kind of analysis 

is suitable for diluted systems in transmission experiments (exactly the opposite 

conditions of this work). An absortion at 2300 cm - 1 (CO stretching due to C 0 2 from the 

atmosphere27) was sometimes present in the spectra. 

Table 5.1: Infrared absorption bands for tetramethylsilane26 

Absorbance/ cm - 1 Assignment 

2955 C-H asymmetrical stretching in CH3 

2891 C-H symmetrical stretching in CH3 

1248 CH3 symmetric bending in Si[CH3] n 

864 CH3 rocking in Si[CH3] n 

694 Si-C stretching 

The strong absorbances for freshly deposited TMS plasma polymer powder are 

listed in Table 3 .2. Exposure of this material to air for one month, resulted in all of the 

above cited infrared absorption bands for the fresh powder shifting to slightly higher 

frequencies. This can be explained by the presence of trapped reactive centres in the 

solid participating in crosslinking, and thereby increasing the amount of strain in the 

material27. Oxidation is also observed32 with bands appearing at 3426 cm - 1 (OH 

stretching27), 1707 cm - 1(C=0 stretching27), and 1632 cm 1 (asymmetrical stretching 

mode of C=0 in carboxylates, or C=C stretching in unconjugated olefins27). The 

relative intensities of the 1250 cm*1 (CH3 symmetric bending in Si[CH3]n), and 1026 

cm-1 (Si-O-Si and/or Si-O-C asymmetric stretching and/or CH2 wagging in Si-(CH2)n-

Si) bands increase. 
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Figure 3 .5: FTIR Transmission spectra of (a) TMS monomer, (b) fresh TMS 

plasma powder (WIFM = 280 MJ/kg), and (c) aged TMS plasma powder (W/FM 
= 280 MJ/ kg). Changes in absorbances during ageing of plasma polymer are 

indicated by arrows. 
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Table 3.2: Infrared absorption bands for freshly deposited TMS plasma polymer 

powder12'14'21-26-31 (W/FM = 280 MJ/kg). 

Absorbance/ cm"1 Assignment 

2955 C-H asymmetrical stretching in CH3 

2926 C-H asymmetrical stretching in CH2 

2906 C-H symmetrical stretching in CH3 

2870 C-H symmetrical stretching in CH2 

1460 methyl asymmetric bending in CH3-C 

1375 methyl symmetric bending in CH3-C 

1632 >C=C< stretching 

2110 Si-H stretching 

1408 C H 2 symmetrical scissoring in Si-CH2 

1250 CH3 symmetric bending in Si[CH-$]n 

1026 Si-O-Si and/or Si-O-C asymmetric stretching and/or CH2 

wagging in Si-[CH2]n-Si 

833 CH3 rocking in Si[CH 3 ] n , n = 2, 3 

791 CH3 rocking in Si[CHi] n , n = 1,2 

685 Si-C stretching 

Figure 3 .6 compares ATR infrared spectra of clean and coated polyethylene film 

as a function of W/FM Characteristic infrared absorbance bands for clean polyethylene 

film are assigned in Table 3.3. Polyethylene coated with plasma polymer exhibits the 

following extra features: 2118 cm"1 (Si-H stretching), 1250 cm-1 (CH3 symmetrical 

bending in S i t C ^ y , 1040 cm 1 (Si-O-Si and/or Si-O-C, and/or C H 2 wagging in 

Si-[CH 2] n-Si), 834 cm"1 (CH 3 rocking in Si[CH 3 ] n , n = 2,3), 790 cm 1 (CH 3 rocking in 

Si[CH3]n, n = 1, 2), 689 cm-1 (Si-C stretching). One obvious difference between these 
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Figure 3 .6: ATR-FTIR spectra of freshly deposited TMS plasma polymer onto 

polyethylene film with different values of WIFM. 
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Table 3.3: Infrared absorption bands for clean polyethylene film27 3 2 3 4 . 

Absorbance/ cm - 1 Assignment 

2915 asymmetrical C-H stretching in CH^ 

2847 symmetrical C-H stretching in CH2 

1472 CH2 bending 

1462 CH2 bending 

1366 CH2 wagging and/or symmetrical CH3 movements 

729 CH2 rocking 

720 CH2 rocking 

spectra and their transmission counterparts is the attenuated plasma polymer C-H 

stretching bands. This can be explained in terms of there being a smaller depth of 

penetration at higher wavenumbers for the ATR technique, which in turn gives rise to 

weaker signal intensities35. Also the variable attenuation in the characteristic 

polyethylene bands can be explained in terms of infrared penetration depth being lower 

at higher wavenumbers (i.e. this region of the ATR - FTIR spectrum is more sensitive 

towards any surface modification). Low W/FM values yield an increase in silicon related 

absorptions (Si-[CH2]n-Si, Si[CH3]n) ^ t n a concomitant loss of polyethylene C-H 

stretching bands. As the glow discharge power increases, all silicon related absorbances 

diminish, until eventually just polyethylene features remain. In other words, there is no 

deposition of plasma polymer. Greatest loss in intensity of the characteristic polyethylene 

peaks (2915 cm-1 and 2847 cm-1) occurs at approximately W/FM = 280 MJ/kg, these 

experimental conditions correspond to the maximum deposition rate of plasma polymer 

and were therefore employed for powder formation. 

Infrared spectra of coated polyethylene films located in different regions of the 

glow discharge are collated in Figure 3.7. The observed variations in organosilicon 

features imply that the rate of plasma polymerisation drops on moving downstream from 

the precursor inlet. 
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Figure 3.7: ATR-FTIR spectra of TMS plasma polymer coating deposited onto 

polyethylene film at (a) 4 cm and (b) 24 cm from the monomer inlet 
(WIFM = 280 MJ/kg and lOmin). 
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3.3.3. Solid State NMR 

1 3C and 2 9Si NMR spectra of fresh and aged TMS plasma polymer powder are 

shown in Figures 3.8 and 3.9 respectively. All NMR measurements are referenced to 

tetramethylsilane (TMS). Characteristic features observed in these spectra have been 

assigned in accordance with data published elsewhere27'28'36"39. 13C and 2 9Si peaks of 

greatest intensity are located at around 0 ppm. Therefore the major chemical 

environments present in the plasma deposit can be regarded as being similar to those 

known for the TMS reference compound. 

A shoulder is evident in the C NMR spectrum of fresh TMS plasma polymer 

powder (Figure 3.8) at approximately 20-50 ppm, this may be characteristic of either 
• • • • 36 3 

silicon carbide species or sp carbon atoms located within a hydrocarbon chain. Some 

degree of unsaturation in the plasma polymer is observed in the 120 - 180 ppm range 

(the occurrence of carbonyl groups in the fresh TMS plasma polymer is unlikely, since 

bulk oxidation was ruled out by XPS studies). 

On leaving the collected material to age in air, there is an increase in intensity of 

the 20-50 ppm shoulder, which implies that a significant degree of crosslinking has taken 

place. A small number of alcohol functionalities in the 60 - 70 ppm region are also 

present. 

The 2 9Si NMR spectrum of fresh powder (Figure 3 .9) consists of a strong signal 

centred at 1.8 ppm, and a shoulder at -11 ppm range. The former is characteristic of 

-Si[CH3]3 fixed to hydrocarbon chain ends, and the latter can be attributed to one or 

more of the following: double bond silicon environments (8 = -11.8 ppm for cis-

[CH3]3SiCH=CHSi[CH3]3); or the presence of silicon carbide, or (CH3)R2SiH 

provided R has an alkyl chain containing at least two [-CH2-] linkages (5 = -10.9 ppm 

for [CH3][n-C3H7]2SiH, 8 = -9.8 ppm for [CH3][n-C4H9)]2SiH, 8 = -9.8 ppm for 

[CH3P-C5H1 i]2SiH, 8 = -9.9 ppm for [CH3][n-C6Hi 3)2SiH]). The shoulder at +6.6 
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Figure 3 .8: 1 3C solid-state NMR spectra of (a) fresh and (b) aged TMS plasma 
powder (WIFM = 280 MJ/kg) 
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Figure 3.9: 2 9Si solid-state NMR spectra of (a) fresh and (b) aged TMS plasma 
powder (WIFM = 280 MJ/kg) 

73 



Chapter Three 

ppm is most likely to be silicon centres bonded to hydrocarbon chains where not more 
than one R chain is a methyl group (8 = +6.5 ppm for [C2H5]3Si[CH3], 8 = +7.1 ppm 
for [C2H5]3Si[C2H5], 8 = +6.9 ppm for [C2H5]3Si[n-C4H9]). The weak feature at 
-36.0 ppm could be some form of R ]R2SiH2 linkage (8 = -37.7 ppm for [CH3]2SiH2). 

The 2 9Si NMR shoulders at 6.6 ppm, and -10 to -20 ppm increase during ageing, 

this can be ascribed to either crosslinking processes, or the creation of more silicon 

carbide type linkages. In addition a weak peak is visible in the -50 to -80 ppm range, 

this can be assigned to the emergence of RSi[OR]3 and HSi[OR]3 environments. 

3.3.4. Emission Spectroscopy 

Figure 3 .10 depicts the emission spectra of TMS plasmas at 5W (140 MJ/kg) and 

10 W (280 MJ/kg). Most of the lines in these spectra originate from electronic 

transitions within the hydrogen molecule (230-310 nm vibrational-rotational continuum, 

363.3 nm, 367.3 nm, 379.9 nm, 385.8 nm, 387.1 nm, 388.6 nm, 406.1 nm, 406.6 nm, 

406.9 nm, 417.4 nm, 420.1 nm, 422.0 nm, 433.8 nm, 449.0 nm, 449.6 nm, 455.4 nm, 

458.0 nm, 461.5 nm, 463.2 nm, and 461.5 nm) 4 0 , 4 1, and hydrogen atom Balmer lines 

(486.1 and 434.1 nm)42. These assignments were checked by running pure hydrogen 
3 3 

plasmas (Figure 3.11). Other strong lines are due to the C nu—>B Tig transition for a 

nitrogen molecule43: 315.9 nm (t / = 1, t>"= 0), 337.1 nm (0, 0) and 357.7 nm (0, 1). It 

is important to take into consideration that these nitrogen lines are weaker by an 

approximate factor of 2000 compared to their intensity in a pure nitrogen plasma, and 

therefore the actual amount of molecular nitrogen in the reactor during TMS plasma 

polymerisation must be less than 0.05 vol. %. Finally, a band corresponding to the A 2A 

- > X 2 n transition for a CH radical was observed at 431.4 nm4 4'4 5. It proved impossible 

to assign any silicon related features because of the intense hydrogen lines. 

As the W/FM value is increased from 140 MJ/kg (5W) to 280 MJ/kg (10 W), all 

of the emission lines related to atomic and molecular hydrogen become relatively more 

intense. Therefore a larger amount of atomic and molecular hydrogen is generated at 
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higher powers due to greater fragmentation of the TMS molecule. Some gaps are 
evident within the molecular hydrogen 225-350 nm emission continuum at 238-240 nm, 
243-247 nm, 255-258 nm, 290-293 nm, and 298-313 nm. The most likely explanation 
for these absences is that the TMS plasma medium contains unsaturated species which 
absorb strongly at these wavelengths. For instance, acetylene absorbs in the 220-240 nm 
range46'47, another possibility may be the propargyl radical (CH2-C=CH) which exhibits 
diffuse bands at 290-345 nm (strongest being at 332 nm, 321.7 nm, and 311.9 nm48), or 
perhaps diacetylene which has 700 narrow bands between 297 to 206.8 nm49. 

3.4. Discussion 

Plasma polymerisation processes are widely regarded as being highly complex in 

nature. Typically they involve dissociation, generation, and recombination of 

polymerisable species within either the partially ionised gas itself and/or at the substrate 

surface150. Such reactions are perpetuated by electron impact and ultraviolet radiation. 

In simple terms: 

A-B —e-/hv->A*+&* 

Where A and B may be individual atoms or molecular fragments which generate 

activated species A* and B* (ions and radicals). These intermediates can subsequently 

recombine to form new chemical species, or impinge onto a growing polymeric layer. 

This description is appropriate for shorter deposition times, however powdered material 

is generated over longer periods due to the high internal stresses associated with thicker 

coatings51-52. Such an explanation is supported by the observation that polyethylene 

films coated with thick TMS plasma polymer layers tend to curl up. 

Bond energy values are as follows53'54: 292 kJmoF (Si-C), 322 UmoH (Si-H), 

and 416 kJmol1 (C-H). Therefore Si-C and Si-H bonds are the weakest. Incorporation 
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of [CH3]nSi species into the plasma polymer (as detected by NMR, FTTR, and mass 
spectrometry31) is consistent with the cleavage of [CH3]3Si-CH3 and [CH3]3SiCH2-H 
bonds, which leads to predominantly the following primary reactions: 

(CH3)3SiCH3 

(CH 3) 3Si» + • C H 3 } f (CH 3) 2SiCH 2« + • H 

(CH3)3SiCH2Si(CH3)3 + • C H 3 + «H 

(CH3)3SiCH2Si(CH3)2 + • CH 3 (CH3)3SiCH2Si(CH3)2CH2 

(CI%)2SiCH2Si(CI^)2CH2Si(CH3)2CH2Si(CH3)2 + ' C H , + # H 

etc. 

Radical creation along the growing chain will result in branching, thereby creating a 

random three dimensional network of -[CH 3] nSi- linkages. Weak Si-Si and strong C-C 

bonds may also form via homorecombination of carbon and silicon radicals respectively. 

In TMS plasma polymer, a significant degree of unsaturation, crosslinking, Si-H groups, 

and possibly some embedded silicon carbide moieties were found. These products could 
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originate from secondary interactions between electrons, ions, hydrogen atoms, and 
photons with the growing polymeric matrix. Additional unsaturated species may form 
via the plasma polymerisation of methyl species generated during the primary 
fragmentation of the TMS molecule. Ageing is most likely to be a manifestation of 
trapped free radical centres in the plasma polymer undergoing recombination or reacting 
with air, with perhaps some hydrolysis of Si-H bonds (the chemical reactions envolved in 
this process can be found in Chapter 7). There may possibly be silicon carbide species 
trapped within the organosilicon network, since the use of a heated substrate during 
plasma polymerisation is reported to result in silicon carbide55. 

3.5. Conclusions 

Plasma polymerisation of tetramethylsilane at low powers and short periods result in 

continuous films, whereas longer times generate a coarse powder. The plasma polymer 

structure is believed to contain a random three dimensional network of -[CH3]nSiHm-

linkages in conjunction with a significant degree of unsaturation, crosslinking and 

possibly some silicon carbide moieties. These materials undergo oxidation on storage in 

air. All the results were found in agreement with results already published in the 

literature. 
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Chapter Four 

4.1. Introduction 

In this chapter use is made of hexamethyldisilane ([CH3]3Si-Si[CH3]3) as the 

precursor. This monomer contains a weak Si-Si linkage, which should make it much 

more susceptible towards plasma polymerisation than that found for comparable 

monosilicon containing precursors. 

4.2. Experimental 

The experimental set up used in this chapter is the same one used in Chapter 3 

(pages 57-60), apart from the following points. 

• Hexamethyldisilane (HMDS, 98%, vapour pressure = 0.006 atm at 27 °C, Aldrich 

Chemical Co.) was used as the precursor, 

• The mass flow rate was F^j = 4.3 x 10~8 kg/s (the organosilane precursor accounts 

for at least 99.4 % of the gaseous contents in the reaction chamber, as in the case of 

the TMS monomer), 

• Deposition of powder and material for ageing studies were carried out at 

W/FM= 120 MJ/ kg (power = 5 Watts). 

4.3. Results 

Freshly deposited powder was found to change from brown to yellow in 

appearance after prolonged exposure to air. This material was highly resistant towards 

chemical attack (eg. alkali solutions, organic solvents at high termperatures), and it was 

also found to be mechanically tough. Micro analysis gave a H/C ratio of 2.3. Powder 

X-ray diffraction measurements yielded no evidence for any degree of crystallinity in 

either the unaged or oxidised powders. 
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4.3.1. X-ray photoelectron spectroscopy 

Figures 4.1 to 4.3 show XPS spectra of fresh powder deposited at 5 Watts 

(W/FM = 120 MJ/kg) onto a glass slide and its subsequent ageing. In the C(ls) region, 

the main peak at a binding energy of 285.0 eV can be assigned to C-H, C-C and C-Si 

environments1-2. There is also a very slight shoulder at 287.9 eV which is probably due 

to a small amount of surface oxidation during transport through air to the electron 

spectrometer (a corresponding 0(1 s) signal at 533.2 eV is observed). A strong peak 

centred at 101.1 eV was found for the Si(2p) core level, this is characteristic of Si-H and 

Si-C bonds12. From the XPS data, the relative composition of the fresh material was 

estimated to be 75% carbon, 21% silicon and 4% oxygen (XPS can not detect the 

amount of hydrogen). 

On ageing, the C(ls) envelope develops a pronounced shoulder towards greater 

binding energies. This can be attributed to the presence of carbon singly bonded to one 

oxygen atom (-C-0- «286.6 eV), carbon singly bonded to two oxygen atoms or carbon 

doubly bonded to one oxygen atom (-0-C-0-, -C=0 « 287.9 eV) and carboxylate 

groups (-0-C=0 * 289.0 eV)3. The Si(2p) peak centre also increases in value to 101.4 

eV with an accompanying shoulder at higher binding energy. Again this can be taken as 

evidence for silicon bonded to oxygen (Si-0 at 102.2 eV and Si02 at 104.1 eV)4. 

Following oxidation, the relative atomic composition was calculated to be 66% carbon, 

18% silicon, and 15% oxygen. 

Figure 4.4 summarises the variation of Si/C ratio as a function of plasma power, 

it can be seen that the relative amount of silicon falls off continually with increasing 

wattage. It can also be seen that the deposition rate of silicon containing films is very 

low at plasma powers in excess of 20 W {W/FM - 470 MJ/kg). Also the dependence of 

Si/C ratio on the position of the substrate within the reactor is described in Figure 4.5, (5 

Watts, 10 min). The amount of silicon incorporated into the deposited layer drops on 

moving downstream from the monomer inlet. Figure 4.6 illustrates the relationship 
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Figure 4.1: C(l s) XPS spectra before and after ageing, 
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Figure 4.2: Si(2p) XPS spectra before and after ageing. 
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Figure 4.3: 0(1 s) XPS spectra before and after ageing. 
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between time and Si/C ratio at a plasma power of 5 Watts {W/FM = 120 MJ/kg). It can 
be seen that the Si/C value does not vary significantly (this is within the experimental 
error of the data analysis). Therefore the deposition process must quickly reach a steady 
state. 

4.3.2. Fourier transform infrared spectroscopy 

Hexamethyldisilane possesses the following infrared absorption bands5: 

2951 cm-1 (C-H asymmetrical stretching in CH3), 2893 cm 1 (C-H symmetrical 

stretching in CH3), 1246 cm 1 (CH3 symmetric bending in Si(CH3)n), 835 cm-1 (CH3 

rocking in Si(CH3)n), and 721 cm 1, 690 cm-1 and 607 cm-1 (Si-C stretching). Whereas 

the Si-Si stretch is infrared-inactive. 

Typical FTIR spectra of the plasma deposit generated from HMDS are shown in 

Figure 4.7 for both fresh and aged powder. CH3 stretching bands are known6 to occur 

at 2962 cm-1 (C-H antisymmetrical stretching) and 2872 cnr1 (C-H symmetrical 

stretching). Whereas methylene groups (CH2) in aliphatic and non-strained cyclic 

hydrocarbons exhibit C-H anti-symmetrical and symmetrical stretches at 2926 and 2853 

cm*1 respectively6 (the exact positions may vary across a range of ± 10 cm1). It should 

be noted that in strained rings, methylene stretching frequencies have been reported to 

increase. Therefore it can be concluded that the 2951 and 2895 cm-1 bands recorded in 

the FTIR spectra of the freshly deposited material arise as a result of the CH3 stretching 

frequency. 

The following silicon related bands were assigned for the freshly collected 

material7-12: 2104 cm"1 (Si-H stretching), 1408 cm-1 (Si-OTj anti-symmetrical stretching 

and/or CH2 scissoring in Si(CH2)n), 1356 cm"1 (methylene twisting and wagging 

vibrations), 1254 cnr1 (CH3 symmetrical bending in Si(CH3)n), (1044 cm-1 to Si-O-Si 

and/or Si-O-C and/or CH2 wagging in Si-(CH2)n-Si), 835 cm-1 (CH3 rocking in 

Si(CH 3) n (n = 2,3)), 785 cm-1 (CH 3 rocking in Si(CH 3) n (n=l,2)), and 685 cm-1 (Si-C 

stretching). 
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It is interesting to note that all the cited infrared absorptions for the fresh powder 
shift to higher frequencies on ageing; this is consistent with the assumption that reactive 
centres in the solid product undergo crosslinking. There is also strong evidence for bulk 
oxidation, since the following additional bands emerge: 3426 cm 1 (OH stretching6), 
1717 cm-1 (C=0 stretching6), 1632 cnr1 (antisymmetrical stretching mode of O O in 
carboxylates6), and the 1044 cnr1 band increases in intensity, which signifies the 
presence of Si-O-Si and/or Si-O-C bonding. Also it is highly likely that the 1632 cm*1 

band may have an alkene component, since the C=C stretching mode of unconjugated 
olefins are known to possess a moderate to weak absorption1 at 1667 - 1640 cm-1, this 
would be consistent with trapped carbon centre free radicals undergoing recombination 
to form double bonds. 

Infrared spectra of clean polyethylene and also polymer substrates which have 

been exposed to a range of hexamethyldisilane glow discharges are collated in Figure 

4.8. The assignment of the bands related to clean polyethylene can be found in Table 3.3 

(Chapter 3).. 

Assignment of the infrared absorption bands observed for the plasma polymers 

deposited onto polyethylene film is presented in Figure 4.9. Most of these peaks are 

similar to those in the bulk plasma polymer. They include: 2118 cnr* (stretching in 

Si-H), 1250 cm' 1 (CH3 symmetrical bending, in Si(CH3)n), 1036 cm"1 (Si-O-Si and/or 

Si-O-C, and/or CH2 wagging in Si-(CH2)n-Si), 833 cm"1 (CH3 rocking in Si(CH3)n, n 

- 2,3), 791 cm"1 (CH3 rocking in Si(CH3)n, n = 1, 2), 689 cnr 1 (Si-C stretching). An 

additional weak absorption band at 621 cm"1 was found for the coating obtained from 

the 2 Watts glow discharge, this can be attributed to the presence of vinyl groups13. 

At low plasma powers, there is a small occurrence of vinyl groups, which is 

accompanied by a considerable number of silicon related groups: Si-(CH2)n-Si, 

Si(CH3)n, and probably a minor fraction of Si-O-Si and/or Si-O-C originating from the 

reaction of trapped free radicals with oxygen and moisture in the air during sample 

transfer. With increasing power, the vinyl component gradually disappears, together 

with the groups associated with silicon, until the infrared spectrum corresponds to 
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virtually that of clean polyethylene (20 and 50 Watts - W/FM = 470 and 1200 MJ/kg), 
which implies that at these powers no deposition of plasma polymer occurs. It should be 
noted that as the power increases, the proportion of methyl groups linked to silicon 
decrease: at 2 Watts, the absorption at 833 cm"1 band (CH3 rocking in Si(CH3)n, n = 2, 
3) is much greater than that at 791 cm - 1 (CH3 rocking in Si(CH3)n, n = 1, 2), whereas 
these bands are of roughly the same intensity at 10 Watts (W/FM= 230 MJ/kg). 

The minimal absorbance intensity of the characteristic polyethylene features at 

2915 cm"1 and 2847 cnr 1 occurs at approximately 5 Watts (W/FM= 120 MJ/kg). This 

correlates to the highest deposition rate of Si containing material observed in the XPS 

measurements. Since the sampling depth is inversely proportional to the infrared 

wavenumber, these bands are expected to be more surface sensitive than the other 

characteristic polyethylene features found at lower wavenumbers. Any incorporation of 

plasma polymer onto the polyethylene substrate could also contribute to this differential 

attenuation of polyethylene infrared features. This would be consistent with the 

observation that these infrared spectra are markedly different compared to those 

obtained for the bulk plasma polymer material (as in Chapter Three). 

At high powers (50 Watts, W/FM = 1200 MJ/kg), the methyl band at 1366 cm"1 

band is of lower intensity than that seen for clean polyethylene, this implies a deficiency 

of methyl end groups at the substrate surface. The absorbance ratio of the strong 729 

cm"1 and 720 cm*"1 components of the methylene rocking doublet gives an indication of 

the relative changes in crystallinity and/or orientation at the polyethylene surface. On 

raising the plasma power, the polyethylene becomes more amorphous and/or 

disorientated in the vicinity of substrate-plasma polymer interface. 

Figure 4.10 shows the infrared spectra of 5 Watts (W/FM = 120 MJ/kg) treated 

polyethylene film which was located at different positions within the glow discharge (4 

and 24 cm away from the monomer inlet). Deposition of Si-containing plasma polymer 

is greatest near the reactor inlet, since all the bands related to this material are more 

pronounced in this region. 

97 



Chapter Four 

5/1 

0> 

J i n 

o S i . s 
O K c E 

2 o 
so 0) 

P3 
in 2 in CN 2 

o > 
co ^ 

i n 
CO PS 

• — I 

98 



Chapter Four 

4.3.3. Solid State NMR 

All the NMR measurements are referenced with respect to tetramethylsilane, 

(CH3)4Si. The numerous 1 3C and 2 9Si NMR chemical shifts referred to in this section, 

have been assigned by using literature data for model compounds1415 1 3C and 2 9Si 

spectra are shown in Figures 4.11 and 4.12 respectively. The bandshapes are consistent 

with contributions from a wide variety of chemical species. In both the 1 3C and 2 9Si 

spectra, the most intense peak is around 0 ppm, arising from chemical environments 

similar to those found in tetramethylsilane. In other words, the major constituent of the 

deposited material is a silicon centre which is bound to a number of methyl groups. 

In the ! 3C spectrum there is a high frequency shoulder between +20 +50 ppm 

range indicative of sp3 carbon atoms within a hydrocarbon chain. Pure silicon carbide 

(depending on the polytype) also has characteristic peaks in this region16. The weak 1 3C 

signal between +120 -» +180 ppm suggests a small degree of unsaturation or 

oxygenation. 

Following prolonged exposure of the material to air, there was a marked increase 

in intensity of 1 3C environments between +190 -» +210 ppm (ketones and aldehydes), 

and +150 -> +185 ppm (carboxylic acids and esters). There is also a broadening of the 

main shoulder due to alcohols (+60 -> +70 ppm), and quaternary carbons (+30 -> +55 

ppm). 

The corresponding 2 9Si NMR spectra for the freshly deposited plasma polymer 

consists of peaks at +6.6, +1.0, -9.2, -13.6 and -36.0 ppm. In general, organosilicon 

compounds of the type R1R2R3R4Si yield 2 9Si chemical shifts varying from -4.5 to +20.0 

ppm. Extension of the alkyl chain results in a shift to high frequency, as illustrated by 

the following model compounds: (CH3)4Si at 0.0 ppm, (CH3)3Si(C2Hs) at +1.6 ppm, 

(CH3)2Si(C2H5)2 at +4.6 ppm, (CH3)Si(C2Hs)3 at +6.5 ppm, and (C2Hs)4Si at +7.1. 

Therefore likely candidates for the peak centred at +6.6 ppm are silicon centres bonded 

to hydrocarbon chains where not more than one R chain is a methyl group, as invoked 

by the following series of model compounds: (C2Hs)3Si(CH3) +6.5 ppm, 
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(C2H5)3Si(C2H5) +7.1 ppm, (C2H5)3Si(n-C4H9) +6.9 ppm. The signal at +1.0 ppm 

can be attributed to (CH3)3Si functionality located at hydrocarbon chain ends, as 

suggested by the following set of model compounds: (CH3)4Si at 0.00 ppm, 

(CH3)3Si(C2H5) at +1.6 ppm, (CH3)3Si(n-C3H7) at +0.7 ppm, (CH3)3Si(n-C4H9) at 

+0.6 ppm, (CH3)3Si(n-C5Hn) at +0.2 ppm, and (CH3)3Si(CH2CH2CH(CH3)2) at 

+0.9 ppm. The shoulder at -9.2 ppm could either be from silicon centres with 

unsaturated carbon centres attached to the P position from the (CH3)3Si group of the 

type (CH3)3Si(CH=CHR) where R = H or CH3, or (CH3)R2SiH provided R has an 

alkyl chain containing at least two (-CH2-) linkages, as seen from the following list of 

model compounds: (CH3)(n-C3H7)2SiH at -10.9 ppm, (CH3)(n-C4H9)2SiH at -9.8 

ppm, (CH3)(n-C5Hn)2SiH at -9.8 ppm, (CH3)(n-C6Hi3)2SiH at -9.9 ppm. 

Hexamethyldisilane, (CH3)3SiSi(CH3)3 gives a 2 9Si NMR peak at -20.5 ppm, and 

therefore the feature at -13.6 ppm could have some contribution from Si-Si linkages. 

However silicon carbide type species are also known to occur in this region16. The weak 

feature at -36.0 ppm could be some form of R1R2SiH2 linkage, as given by the following 

model compound: (CH3)2SiH2 at -37.7 ppm. 

On ageing, there is a marked increase in intensity of the shoulder at +6.9 ppm in 

the 2 9Si spectrum In general, (CH3)3SiOR species have characteristic chemical shifts in 

this vicinity, eg. (CH3)3SiO(C2Hs) at +7.4 ppm. Other possibilities include 

(CH3)3SiOSi(CH3)3 at +6 0 ppm. The following series of compounds can be regarded 

as models for the varying degrees of crosslinking around a Si atom: (CH3)3SiR* at 8 +1 

ppm, (CH3)2SiR!R2 at 5 +4 -» +5 ppm, (CH3)SiR'R2R3 at 8 +6 -> +7 ppm, and 

SiR1R2R3R4 at 8 +7 -> +8 ppm; therefore any significant degree of crosslinking would 

also result in a contribution towards the shoulder at 6.9 ppm. Small components to the 

low frequency side of -40 ppm are assigned to silicon bound to increasing numbers (2, 3, 

or 4) of oxygen atoms, as seen from the following model compounds: (n-

C4H9)Si(OC2H5)3 at -47.4 ppm, n-C3H7Si(OC2H5)3 at -47.0 ppm, C2HsSi(OC2H5)3 

at -45.9 ppm, (CH3)Si(OC2Hs)3 at -45.5 ppm, (CH3)Si(OCH3)3 at -41.5 ppm, and 
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(a) 13C FRESH (x5) 

(CHahSlR 
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Figure 4.11:13C solid-state NMR spectra: (a) before and (b) after ageing (extra 
features indicated). 
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Figure 4.12: 2 9Si solid-state NMR spectra: (a) before and (b) after ageing (extra 
features indicated). 
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HSi(OC2Hs)3 at -66.0 ppm. The -56.6 peak could be attributed to some form of 
crosslinking, eg. (CH3)2Si[CH(n-C3H7)]2 at -59.8 ppm. 

4.3.4. Emission Spectroscopy 

As shown in the previous chapter, most of the lines in the carbosilane emission 

spectrum originate from electronic transitions within the hydrogen molecule17-20, the 

C 3 n u ->B 3 IIg transition for a nitrogen molecule21 [315.9 nm (v' = 1, v" = 0), 337.1 nm 

(0, 0) and 357.7 nm (0, 1)], the A 2II->X 2E transition for a CN radical22-24, and the 

A 2 A->x2lI transition for a CH radical was observed at 431.4 nm 2 5 ' 2 6 

At high deposition rates (W/FM = 120 MJ/kg), the HMDS glow discharge does 

not exhibit much emission from atomic or molecular hydrogen, Figure 4.13. On raising 

the RF power (W/FM = 230 MJ/kg), the molecular hydrogen features undergo a greater 

increase in signal strength relative the atomic hydrogen lines. This observation can be 

explained by referring to the emission spectra from pure hydrogen plasmas at different 

inlet gas pressures, Figure 3.11 (Chapter 3): the atomic and molecular hydrogen 

intensities increase at higher hydrogen pressures. Therefore it can be concluded that 

more atomic and molecular hydrogen formation occurs in the case of the W/FM =230 

MJ/kg HMDS glow discharge. 

103 



Chapter Four 

O 
1T3 

CO 
03 

bo 

C/J II 

CO CM 

X 03 
T * 

0) ton DO 
C M 

o bJD 
J2 8 CO II oh 

c/3 

eg x r 

02 u 
Si 

CN C O 

CN C/i 

II I 
C n 

1 fa 
CN 

D 
i—i 

104 



4.4. Discussion 

Chapter Four 

In most cases, plasma enhanced chemical vapour deposition yields fairly low 

amounts of product, however with hexamethyldisilane it was easy to obtain substantial 

quantities of solid material. This can be attributed to the high reactivity of this particular 

organosilicon monomer, which arises from the chromophoric character of the Si-Si 

bond. Electron-molecule and photon-molecule reactions are widely recognised as being 

two of the key processes responsible for ionisation and dissociation within a glow 

discharge. Free radicals can be generated from thermal27, ultraviolet initiated28, and 

electron induced decomposition29 of HMDS: 

(CH3)3SiSi(CH3)3 > 2(CH3)3Si-

(CH 3) 3SiSi(CH 3) 3 — e-> 2(CH3)3Si+ 

(CH 3) 3SiSi(CH 3) 3 —uv->2(CH3)3Si- (71%) 

(CH 3) 3SiSi(CH 3) 3 —uv-KCH 3) 3SiH + (CH 3) 2Si=CH 2 (27%) 

Also the following reaction is likely to be significant30, since the HMDS precursor has a 

high hydrogen content. 

H- + (CH 3) 3SiSi(CH 3) 3 > (CH 3) 3SiH + (CH3)3Si-

All of these species can subsequently undergo polymerisation either in the gas phase or 

react with free radical centres at the substrate surface. It is energetically favourable27-31'32 

for the cleavage of Si-Si (196 kJmol1) bonds to form Si-C (291 kJmoH) or Si-H (322 

kJmoF) linkages, and also for the rupture of the Si-(CH3)3 bond to produce C-C (356 

kJmol*1) and C-H (416 kJmoH) connections, thereby resulting in an extended network. 

It is quite common for the occurrence of high internal stress within plasma 

deposited thin films33, this can result in flaking, and therefore the production of a fine 

powder. However low coverages of organosilicon deposit do adhere well to a 
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polyethylene substrate. This can be attributed to the greater flexibility of polyethylene 
with respect to glass; and also since it is already organic in nature, it will be much more 
compatible with the plasma deposit, i.e. the plasma polymer / polyethylene interface will 
bond more easily than its plasma polymer / glass counterpart. 

Also under comparable experimental conditions, the plasma polymerisation of 

hexamethyldisilane onto polyethylene film gave a weaker FTIR Si-H stretch at 

2104 cm*1, whereas the Si-H band of the freshly deposited powder was much stronger in 

intensity. Therefore one can deduce that the bulk material has a greater Si-H content 

than the thin layer deposited onto a polyethylene substrate. The differences observed in 

Si-H groups between the polyethylene and glass substrates can be explained on the basis 

of the effective surface area available for the plasma / solid interaction. Since a powder 

would be expected to have a far higher surface area than a thin coating, then there will 

be greater opportunity for attachment of Me3Si radicals to the surface and also for the 

incorporation of CH3 groups into the plasma polymer, together with any Si-H bond 

formation. 

The chemical nature of the as-collected bulk material and its subsequent ageing, 

are similar in some respects to plasma deposited thin films derived from 

tetramethylsilane34 and vinyltrimethylsilane35 precursors. For instance comparable 

infrared absorption bands are reported, and subsequent reactions with oxygen and 

moisture cause the same types of oxygenated functionality to be incorporated. However 

the hexamethyldisilane precursor is found to be much more susceptible towards plasma 

polymerisation, this is clearly evident from the high deposition rates obtained in our 

studies. Most plasma polymerisation reactions are restricted to coating applications due 

to their low yield, whereas the high efficiency offered by the hexamethyldisilane 

monomer means that bulk plasma polymers may become exploited in their own right in 

the future. 
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4.5. Conclusions 

It has been demonstrated that by careful choice of precursor and glow discharge 

parameters, bulk organosilicon materials can be synthesised via plasma polymerisation. 

Hexamethyldisilane has proven to be a suitable monomer for this purpose due to the 

chromophoric character of its Si-Si bond. Reactive centres trapped within the plasma 

deposit are found to subsequently undergo crosslinking and oxidation during prolonged 

exposure to air. When treateing polyethylene surfaces, at high powers (50 W) ablation of 

the polymer surface occurred. 
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Chapter Five 

5.1. Introduction 

Conventional polysilane materials offer many attractive attributes for utilisation 

in microlithography1'2. These polymers are normally coated onto a substrate from 

solution. Their unique -Si-Si- backbone is a-conjugated. The a-a* electronic transition 

is readily excited by UV laser irradiation, which in turn can lead to local photoablation of 

the polysilane polymer3. Subsequent exposure to a non-equilibrium oxygen glow 

discharge results in preferential etching of exposed underlayer material, whereas any 

remaining regions of polysilane polymer become etch-resistant via oxidation to SiOxHy 

together with a concomitant loss of volatile carbon and hydrogen oxides4. 

Plasma polymerised organosilicon56 and organosiloxane78 films are promising 

alternatives to polysilane polymers for use in dry resist applications. Organosilicon 

plasma polymers can be synthesised at room temperature with a large number of 

unsaturated centres, and a high silicon content9*13. These materials offer the additional 

benefit of enabling completely dry photolithographic processing: comprising of glow 

discharge carbosilicon polymerisation, followed by UV laser imaging, and finally oxygen 

reactive ion etching (RIE) for image transfer into the underlying substrate. 

Plasma polymerisation of tetramethylsilane ([CH3]4Si) and hexamethyldisilane 

([CH3]3SiSi[CH3]3) results in the formation of extended networks of -[CH3]nSiHn-

linkages (Chapters 3 and 4). The susceptibility of these carbosilicon coatings towards 

oxygen glow discharge modification has been investigated by X-ray photoelectron 

spectroscopy (XPS), attenuated total reflection Fourier transform infrared spectroscopy 

(ATR-FTIR), atomic force microscopy (AFM), and emission spectroscopy. Also the 

helium, oxygen, nitrogen, and argon gas permeabilities of these materials deposited onto 

polyethylene (prior to, and following oxygen glow discharge treatment) have been 

measured. 
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5.2. Experimental 

TMS and HMDS plasma polymers were deposited using a power of 0.8 W on 

polyethylene, according the procedure described in Chapters 3 and 4. After the 

deposition, the system was pumped down to 0.001 Ton* for 5 minutes. High purity 

oxygen (BOC, 99.6 %) was introduced into the reaction chamber at 0.1 Torr pressure. 

The deposited organosilicon was treated with an oxygen glow discharge. Finally the 

system was let up to atmosphere, and the appropriate analytical measurement 

undertaken. 

5.3. Results 

5.3.1. X-ray Photoelectron Spectroscopy 

Plasma polymerisation of tetramethylsilane and hexamethyldisilane at 0.8 W 

yields organosilicon coatings with Si:C ratios of 0.35 ± 0.02 and 0.50 ± 0.02 

respectively (as determined by XPS). Angle-resolved XPS studies reveal a small amount 

of oxygen at the surface (less than 4%), this was probably due to trapped free radicals in 

the plasma polymer layer reacting with the ambient atmosphere during sample transport 

from the deposition chamber to the XPS spectrometer. The main C(ls) peak centred at 

a binding energy of 285.0 eV can be assigned to C-H, C-C and C-Si environments2223. 

The Si(2p) core level at 100.7 ± 0.1 eV for TMS and 101.2 ± 0.1 eV for HMDS is 

characteristic of Si-H and Si-C bonds1415. 

Plasma oxidation of each organosilicon film was studied as a function of glow 

discharge power, Figures 5.1-5.2. This treatment was found to be very rapid down to 

the depths accessible by XPS (5 - 20 A). A plateau is reached well below 5 W 

corresponding to 20% carbon, 43 % silicon, and 38% oxygen for the TMS plasma 

polymer, and 20% carbon, 35 % silicon, and 45% oxygen for the corresponding HMDS 
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material, Figures 5.3-5.4. Clearly this analysis excludes any hydrogen content, since it 

can not be detected by XPS. The Si(2p) core level binding energy shifts to higher 

binding energy during plasma oxidation, whereas the C(ls) peak was attenuated, 

together with the emergence of a weak oxidised component at high binding energy, 

which is a convolution of >C-0- (286.6 eV), >C=0 / -O-C-O- (287.9 eV), -O-CO 

(289.0 eV), and -O-CO-O- (290.4 eV) peaks16. The Si(2p) envelope can be fitted to Si-

H / Si-C (101.2 eV), Si-[OC xH y] n (102.6 eV), and O-Si-0 (104.0 eV) silicon 

environments17, Figures 5.1-5.2. 

XPS analysis in conjunction with Ar + ion depth profiling of the oxidised 

organosilicon layers confirmed the build-up of oxygenated silicon species in the near-

surface region, Figures 5.5-5 .6. It also indicated the presence of contamination (due to 

the condensation of hidrocarbons from the atmosphere/spectrometer chamber on the 

suraface): when the depth is increased, the C(ls) signal decreases, reaches a minimum, 

and then tends to its bulk value. 

Passage of oxygen over the organosilicon layer in the absence of a glow 

discharge resulted in negligible surface oxidation. 
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5.3.2. ATR-FTIR Spectroscopy 

The characteristic infrared absorption bands for clean polyethylene film are 

assigned in Chapter 3 (Table 3.3). Both the freshly deposited organosilicon coating and 

the underlying polyethylene substrate contribute to the CH3 and CH2 stretching bands 

occurring at 2951 cm 1 and 2895 cm-1, Figures 5.7-5.8. CH3-C linkages can also be 

identified by peaks at 1460 cmr1 (methyl asymmetric bending in CH3-C), and 1375 cnr1 

(methyl symmetric bending in CH3-C). Silicon related infrared absorptions are 

assignable as follows18: 2110 cm 1 (Si-H stretching), 1408 cm-1 (CH2 symmetrical 

scissoring in Si-CH2), 1250 cnr1 (CH3 symmetric bending in Si[CH3]n), 1026 cm"1 

(CH 2 wagging in Si-[CH2]n-Si), 833 cm1 (CH3 rocking in Si[CH3]n, n = 2, 3), 

791 cm-1 (CH 3 rocking in Si(CH3)n, n = 1, 2), and 685 cm-1 (Si-C stretching), Figures 

5.7-5.8 (0 Watts O2 plasma treatment). 

ATR-FTIR analysis of glow discharge oxidised organosilicon plasma polymer 

layers all display a much stronger 1026 cmr1 (Si-O-Si and/or Si-O-C asymmetric 

stretching and/or CH2 wagging in Si-[CH2]n-Si) absorbance. However it is clear that at 

the depths accessible to ATR-FTIR analysis (~ 0.1 - 10 um), a significant amount of the 

virgin plasma polymer is still detectable. Therefore the high concentration of SiOxHy 

species located in the outer surface region must be acting as a reactive ion etch barrier. 

All of the silicon related absorbances are much stronger for the HMDS plasma polymer 

since it contains a higher silicon content. 
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Figure 5.7: ATR-FTIR spectra of: (a) clean polyethylene; (b) TMS plasma 
polymer deposited on polyethylene; and (c) O2 glow discharge oxidation of 

TMS plasma polymer deposited on polyethylene. 
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Figure 5.8: ATR-FTIR spectra of: (a) clean polyethylene; (b) HMDS plasma 
polymer deposited on polyethylene; and (c) O2 glow discharge oxidation of 

HMDS plasma polymer deposited on polyethylene. 
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5.3.3. Atomic Force Microscopy 

Examination of the plasma polymer layer morphologies by atomic force 

microscopy revealed the presence of agglomerated globular particles in the size range of 

0.2 - 0.5 \xm, Figures 5.9-5.12. Glow discharge oxidation did not lead to any significant 

alteration in the appearance of these globular features. 

5.3.4. Emission Spectroscopy 

The emission spectra taken during the oxygen glow discharge treatment of clean 

polyethylene film, TMS and HMDS plasma polymers are shown in Figure 5.13. Their 

assignments are summarised in Table 5.1, and were checked by running glow discharges 

of each of the constituent gases (i.e. H2, H2O, CO, CO2, etc.), Figure 5.14 The main 

lines are due to transitions related to the presence of CO, OH and atomic hydrogen. For 

the carbosilicon plasma polymers, there is a strong attenuation in the CO line intensities 

with respect to clean polyethylene film, and also the appearance of an additional line (x) 
3 3 

at 437.6 nm characteristic of the H Z u -> X Lg transition in the Si-Si molecule. All 

of these observations are consistent with the formation of a Si xOyH z rich surface layer 

during the glow discharge oxidation of organosilicon plasma polymers. Other strong 
3 3 

lines are due to the C n u -> B ng transition for a nitrogen molecule. 315.9 nm (1/ — 1, 

v" = 0), 337.1 nm (0, 0) and 357.7 nm (0, 1) As in Chapters 3 and 4, these nitrogen 

lines are weaker by an approximate factor of 2000 compared to their normal intensity in 

a pure nitrogen plasma, and therefore the actual amount of molecular nitrogen in the 

reactor during plasma polymerisation must be less than 0.05%. 
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Table 5.1 Assignment of glow discharge emission lines. 

Transition Line/Band Vibrational Assignment 

Balmer Lines1 9 486.1 (a) -

(Hp, HY, H$) 434.0 (b) -

410.2(c) _ 

O H ( A V - ^ X 2 ! ! ) 2 0 308.9 (d) (0, 0) 

282.9 (e) (1,0) 

438.0 (h) (0, 3) 

C O ( C ! 2 : - > Vn) 2 0 

412.5 0) (0, 2) 

389.3 (k) (0, 1) 

368.1 (m) (0, 0) 

349.3 (n) (0, 4) 

330.6 (o) (0,3) 

C O ( b 3 £ - > a 3 I I ) 2 1 313.4 (p) (0, 2) 

297.7 (q) (0, 1) 

283.3 (e) (0, 0) 

266.5 (s) (1,0) 

483.5 (f) (0, 1) 

C O C B ' Z - * Alnf 450.9 (g) (0, 0) 

439.3 (h) (1,1) 

412.4 (j) (1,0) 

C O + ( B 2 Z ^ A 2 n ) 2 3 420.9 (i) (0, 1) 

C O + ( A 2 n ^ x 2 ! ) 2 4 379.6 (1) (4, 0) 

315.9 (t) (1,0) 

^ ( c ' n ^ B ' n , ) 2 5 337.4 (u) (0, 0) ^ ( c ' n ^ B ' n , ) 2 5 

357.7 (v) (0, 1) 

437.6 (x) (2, 4) 
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Figure 5.13: Emission spectra of oxygen glow discharge treatment 
(0.1 Torr, 10 W) of: (a) clean polyethylene; (b) TMS plasma polymer coating; 

and (c) HMDS plasma polymer coating. 
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5.5.5. Gas Permeation 

Gas permeation measurements are summarised in Table 5.2. Deposition of 

organosilicon plasma polymer onto polyethylene does not strongly influence gas 

permeation. However, a subsequent oxygen glow discharge treatment clearly improves 

the gas barrier, and changes the permselectivity. Nitrogen, oxygen, and argon 

permeation are attenuated, whilst helium diffusion is slightly enhanced. These results are 

comparable to related studies on plasma polymerised organosiloxane coatings, where 

oxygen glow discharge post treatment is a prerequisite for improving the gas barrier8. 

Table 5.2 Gas Permeation Measurements (760 Torr back pressure). 

Sample Permeant Pressure /10' 9 Torr Sample 

He 02 N2 A t 

Polyethylene (PE) 

HMDS Plasma Polymer/PE 

02 Plasma/HMDS Plasma Polymer/PE 

12.7 ±4.4 

12.7 ±0.3 

14.9 ± 1.4 

4.6 ±0.2 

4.2 ±0.1 

3.5 ±0.2 

1.4±0.1 

1.4±0.1 

1.0±0.1 

9.1 ±0.9 

8.3 ±0.5 

6.0 ±0.3 

5.4. Discussion 

Plasma polymerisation of tetramethylsilane and hexamethyldisilane yield silicon-

rich plasma polymers11'18, comprising of mainly Si-CH2, Si-[CH2]n-Si, and Si[CH3]n, 

moieties. The lower Si(2p) XPS binding energy value for the as-deposited TMS plasma 

polymer can be explained in terms of this material being effectively more electron-rich 

than its HMDS counterpart. In Chapter 3, solid state NMR and ATR-FTIR experiments 

have shown that the former contains a higher degree of unsaturation. In the case of 

HMDS plasma polymer, the Si(2p) peak shifts much more readily to higher binding 

energies with increasing oxygen glow discharge power, this can be attributed to the 
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higher silicon content in the as-deposited layer, giving rise to a greater number of 
chromophoric Si-Si linkages being present, akin to those found in conventional 
polysilane polymers. The TMS plasma polymer yields a lower SiOxHy because it is less 
Si-rich, and it shows a more pronounced C(ls) oxidation shoulder upon glow discharge 
oxidation. This can be explained in terms of the inherent unsaturation of the TMS 
plasma polymer; unsaturated hydrocarbon polymers are known to oxidise much more 
readily than their saturated counterparts28. The globular-like appearance of both 
organosilicon plasma polymers can be attributed to either the nucleation and growth of 
particles on the walls of the deposition zone, or the formation of organosilicon plasma 

29 

dust which coagulate during condensation at the substrate surface . 

5.5. Conclusions 

Coatings derived from the plasma polymerisation of tetramethylsilane and 

hexamethyldisilane are excellent candidates for use as oxygen reactive ion etch barriers. 

A thin skin SiOxHy rich layer is formed at the surface of the organosilicon coating 

during oxygen glow discharge treatment, which restricts any further subsurface 

oxidation. 
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6.1. Introduction 
Chapter Six 

In this fourth experimental chapter, the susceptibility of an aliphatic substituted 

(polycyclohexylmethylsilane) and an aromatic substituted (polyphenylmethylsilane) 

polysilane polymer towards oxygen glow discharge modification has been investigated 

by X-ray photoelectron spectroscopy (XPS), and Fourier transform infrared 

spectroscopy (FTIR). Structurally, both polysilane polymers are identical apart from the 

former containing a saturated 6-membered ring, whereas the latter has a phenyl 

substituent instead: 

Me 

- S i - f 
Me 

f - S i -

n n 

Polycyclohexylmethylsilane (PCHMS) Polyphenylmethylsilane (PPMS) 

6.2. Experimental 

In this chapter, use was made of the same experimental set up used in Chapter 5, 

apart from the following point: 

• The polysilane films (PCHMS and PPMS, from ABCR) to be treated by glow 

discharge oxidation were spin coated onto polyethylene (XPS analysis and AFM) 

and on KBR discs (FTIR - transmission method) using 2% weight/volume toluene 

solutions. 
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6.3. Results 

6.3.1. X-ray Photoelectron Spectroscopy 

The main C(ls) peak centred at a binding energy of 285.0 eV for both of the 

polysilanes can be assigned to C-H, C-C and C-Si environments12, Figures 6.1-6.2. In 

the case of polyphenylmethylsilane, there was an additional C(ls) component around 

291.6 eV having an area of 3% of the main C(ls) peak, this exhibited a Gaussian profile 

of different FWHM, and can be attributed to n-n* shake-up transitions accompanying 

core level ionisation of the aromatic rings3. For both polysilanes there is one major type 

of Si(2p) core level environment at 100.0 eV, characteristic of the -[(Rl)Si(R2)]n-

structure4 A weak shoulder at 101.8 eV was discernible (less than 1%), and could be 

attributed to either the occurrence of silicon atoms adjacent to a carbon atom rather than 

a silicon centre along the polymeric backbone, or slight oxidation at the polymer surface. 

Plasma oxidation of each polysilane spin coated onto a polyethylene substrate 

was studied as a function of glow discharge power, Figures 6.1-6.2. This treatment was 

found to be very rapid down to the depths accessible by XPS (5 - 20 A), Table 6.1. A 

plateau in the elemental concentrations is reached well below 5 W corresponding to 30% 

carbon, 35% silicon, and 35% oxygen for the polycyclohexylmethylsilane polymer, and 

41% carbon, 31% silicon, and 28% oxygen for the corresponding 

polyphenylmethylsilane material, Figures 6.3-6.4. The aliphatic polysilane yields a higher 

level of oxidation at the surface compared to its aromatic counterpart, whilst the latter 

reaches its limiting elemental percentages at lower glow discharge powers. One can 

clearly see that the amount of oxygen and silicon on the surface after oxidation is much 

greater in the case of the plasma polymers discussed in Chapter 5. 
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Table 6.1 Elemental percentages as determined by XPS. 

Sample Elemental Composition Sample 

%C %Si %0 

PCHMS (theoretical) 87.5 12.5 0 

PCHMS (experimental) 85 ± 2 14 ± 2 <1 

02 Plasma / PCHMS / PE 30 ± 2 35 ± 2 35 ± 2 

PPMS (theoretical) 87.5 12.5 0 

PPMS (experimental) 85 ± 2 1 4 ± 2 <1 

02 Plasma/PPMS/PE 4 1 ± 2 31 ± 2 28 ± 2 

During plasma oxidation, the Si(2p) peak gains intensity and shifts by 

approximately 3.7 eV towards higher binding energy. The Si(2p) envelope could be 

fitted to Si-Si (100.1 eV), Si-H / Si-C (101.2 eV), Si - [OC x H y ] n (102.6 eV), and 

O-Si-0 (104.0 eV) silicon centres5. Whilst an attenuation in the C(ls) peak is observed 

in conjunction with the emergence of a weak oxidised component at high binding 

energy, which can be taken as a convolution of >C-0- (286.6 eV), >C=0 / -O-C-O-

(287.9 eV), -0-C=0 (289.0 eV)> and -O-CO-O- (290.4 eV) functionalities6 

Passage of oxygen over the polysilanes polymer in the absence of a glow 

discharge resulted in negligible surface oxidation. 

XPS in conjunction with A r + ion depth profiling of the oxidised polysilane layers 

confirmed the build-up of oxygenated silicon species in the near-surface region, Figures 

6.5-6.6. A comparison of 0(1 s) profiles obtained from the A r + ion sputtering 

experiments shows that the aromatic polysilane is oxidised to a greater depth. 
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6.3.2. Fourier Transform Infrared Spectroscopy 

Thin layers of polysilane were spin coated onto a pressed KBr disc and then 

oxygen plasma treated. 

Clean polycyclohexylmethylsilane7 exhibits strong infrared absorbances related to 

(Figure 6.7): C-H stretching in CH3 and CH2 (a: 2920 and 2847 cm"1), -CH2- bending 

(b: 1447 cm"1), CH3 bending in SiCH 3 (c: 1244 cm"1), C-C stretching (d: 995 cm"1), 

CH3 rocking in SiCH3 (e: 774 cm"1), -CH2- rocking (f: 745 cm"1), and Si-C stretching 

(g: 661 cm"*). The vibrational modes of the -Si-Si- polymer backbone are infrared 

inactive8. 

The phenyl substituted polysilane7 polymer displayed the following absorbances 

(Figure 6.8): aromatic C-H stretching (h: 3067, 3050, and 2993 cm"1), methyl C-H 

stretching (i: 2957 and 2895 cm"1), C-H bending Q. 1427 cm"1), C H 3 bending in SiCH3 

(k: 1247 cm"1), monosubstituted benzene (1: 1099 cm"1), CH3 rocking in SiCH3 (m: 

781 cm"1), out of plane C-H bending (n: 754 and 729 cm - 1), ring C-C bending (0: 696 

cm"1), Si-C stretching (p: 667 cm"1), out of plane C-C ring bending (q: 463 cm"1). 

Glow discharge oxidation of polyphenylmethylsilane resulted in the appearance 

of absorbances related to Si-O-Si and/or Si-O-C stretches9 (r. 1130-990 cm"1). 

However, plasma oxidation of the polycyclohexylmethylsilane surface was not detected 

by infrared spectroscopy 

6.3.3. Emission Spectroscopy 

Emission spectra (Figure 6.9, lines and bands assigned in Table 5.1) of oxygen 

plasmas (10 W) were not sensitive enough to register any major difference between 

discharges on polyethylene and polyethylene spin-coated with both polysilanes, while the 

plasma polymers analysed in Chapter 5 showed a drastic reduction in the intensity of the 

CO related lines. 
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Figure 6.9: Emission spectra of oxygen discharge discharge treatment (0.1 Torr, 
10 W) of: (a) clean polyethylene; (b) aliphatic polymer coating; and (c) aromatic 

polymer coating. 
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A pure oxygen plasma contains ions, atoms, ozone, and metastables of atomic 

and molecular oxygen, as well as electrons and a broad electromagnetic spectrum10. This 

highly reactive medium readily leads to oxidation at a polysilane surface. 

Polycyclohexylmethylsilane = 320 nm) and polyphenylmethylsilane 

(̂ max = 337 nm) will both absorb the vacuum ultraviolet irradiation generated by the 

oxygen plasma, and thereby undergo scissoring and crosslinking, this can then be 

followed by surface oxidation. In the case of conventional hydrocarbon polymers, phenyl 

containing polymers are more resistant to plasma etching than their aliphatic analogues11. 

For polymers that undergo scissoring and crosslinking simultaneously, the 

relative efficiencies of each process can be estimated by monitoring the changes in the 

number- and weight-average molecular weights (Mn and Mw, respectively) as a function 
12 13 * 

of the absorbed dose ' . The relationships between the molecular weights and the 

respective quantum yields are described by equations 6.1 and 6.2: 

In these equations, M„0 and M° are the initial molecular weights, <S>(s) and ®(x) are the 

quantum yields for the scissoring and crosslinking reactions, respectively; D is absorbed 

dose, and Na is Advogrado's number. 

Table 6.2 summarises some reported quantum yield data for the two polysilane 

polymers used in this investigation. It can be seen that the aliphatic polysilane has a 

greater tendency to undergo scissoring than the aromatic one; whilst the later polymer 

crosslinks more easily. 

D 1 1 
N M M 

n n 1 1 
* ( j ) - 4 W x ) + 0 M M IN 

D 

A 

(6.1) 

(6.2) 
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Table 6.2: Quantum yield data for polycyclohexylmethylsilane (PCHMS) and 

polyphenylmethylsilane (PPMS)12' 

Polysilane Solvent M„°(xI000) A(nm) Solution Solid Film Polysilane Solvent M„°(xI000) A(nm) 

<b(s) <S>(x) 4>(s) <*(*) 

PCHMS Toluene 41.4 355 1.2 0.06 0.022 0 

PPMS THF 245 313 0.97 0.12 0.015 0.002 

From this data, one would expect a greater build-up of SiOxHy species in the case of the 

polycyclohexylmethylsilane polymer, since its aliphatic side groups preferably undergo 

rupture or oxidation. Whereas an effectively thicker oxidised layer is generated in the 

case of polyphenylmethylsilane due to the phenyl rings in the parent polymer being able 

to participate in crosslinking as well as rupture and oxidation. The aforementioned 

description is consistent with the XPS, Ar + ion depth profiling, and FTIR results of 

plasma oxidised polysilane films used in this study, where the concentration of SiOxHy 

moieties at the surface is found to be greatest for polycyclohexylmethylsilane, whilst 

polyphenylmethylsilane is oxidised to a greater depth. 

6.5. Conclusions 

A thin SiOxHy-rich skin is formed during oxygen glow discharge treatment of 

polycyclohexylmethylsilane and polyphenylmethylsilane thin films. The type of 

substituents along the polysilane backbone can have a strong influence upon the surface 

oxidation chemistry: aliphatic side groups are more readily lost than aromatic 

substituents, and therefore yield a thinner, but more SiOxHy-rich layer. Both polysilanes 

undergo less oxidation, compared to the organosilicon plasma polymers. 
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Chapter Seven 

The first point to be approached is the maximum deposition rate for 

tetramethylsilane (TMS), and hexamethyldisiiane (HMDS). They occurred at W/FM = 

280 MJ/kg, in the case of TMS (Chapter 3), and W/FM = 120 MJ/kg, in the case of 

HMDS (Chapter 4). One can relate these results to the empirical expression developed 

by Park for the plasma polymerisation of organosilanes1: 

Dp oc F M exp[-Ea/(W/FM)] 

In this equation, the deposition rate Dp (in fact the average deposition rate along the 

whole reactor length) is described as being governed by an Arrhenius-type of activation 

energy EA. Using this model, for a fixed flow rate, the overall plasma polymer 

deposition rate should increase at higher W/FM ratios towards a maximum value. In this 

study, the rate of TMS plasma polymerisation at a local position in the reactor passes 

through a maximum with increasing WIFM- This can be understood in terms of the mass 

flow rate (FM) varying along the reactor length due to precipitation of plasma polymer 

(i.e. FM drops on moving downstream), this will in turn influence the local deposition 

rate, Figure 7.1. For a given position in the reaction vessel, there will be no deposition 

in the absence of any electromagnetic field (W = 0), and also when there is a very low 

concentration of reactive species (FM = 0). The latter situation will arise at high glow 

discharge powers, since virtually all of the polymerisable species will have been 

consumed upstream. The lower the value of EA, the lower will be the value of W/FM 

related to the maximum deposition rate. In other words, HMDS has a lower value of EA 

than the TMS one, which implies that the first is the most reactive monomer. 

If we extend this analysis to atoms, we can see that EA would have its lowest 

value for the deposition of Si groups: one can see in Figure 3.3 (dependence of Si/C 

ratio upon W/FM for TMS) that it is between 0 and 50 MJ/kg (the value for HMDS 

being of the same order of magnitude). The atomic nature of plasma polymerisation 
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clearly emerges at this point: the total Ea is the result of the contribution of several Eas, 

which govern the excitation, breaking down and recombination of different bonds which 

are present in each monomer. Of course, the weaker the chemical bond, the lower the 

apparent energy of activation. In other words, the Si-Si bond present in the HMDS 

monomer would make this monomer more susceptible to decomposition. Apart from the 

presence of the weaker Si-Si bond in the HMDS precursor, it was also seen in Chapter 4 

that HMDS provides the possibility of formation of silene groups >Si=CH2, which could 

be polymerised via conventional polymerisation: 

\ l I 
n Si=CH 2 - C H 2 - f S i - C H 2 ^ - S i -

Short times of deposition yielded films. Long times resulted in the formation of 

amorphous powders. The formation of powders can be the result of precipitation of 

particles of dust from the plasma, as well as the result of internal stresses within plasma 

polymer films (the presence of internal stresses was characterised by the curling of the 

polyethylene films after being subjected to organosilane plasma treatment) 

Since a higher value of W/FM was used to synthesise TMS derived samples at 

their highest deposition rate, the resultant samples were product of conditions in which 

the breaking down of bonds was less selective: stronger C-H and C-C bonds would have 

a higher probability of being broken. In other words, one would expect the TMS derived 

plasma polymer to be richer in trapped free radicals, in organic character, as well as in 

double bonds. 

XPS experiments revealed a lower value of binding energy for the Si(2p) core 

electron in the case of the TMS plasma polymer. This is consistent with an electron 

richer environment in this case (with more trapped free radicals). Infrared analysis 

characterised the TMS derived plasma polymer as the one with a more pronounced 

organic character. Infrared analysis also indicated that the main groups present in the 

plasma polymers were Si-CH3, and this was characterised by NMR experiments, as well. 
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The results from elemental analysis indicated a lower H/C ratio for the TMS plasma 

polymer. The more pronounced presence of conjugation in this plasma polymer was also 

characterised via solid state NMR analysis and, in terms of plasma phase, emission 

spectroscopy (which also showed that, for both monomers, the main by-product of the 

decomposition was hydrogen). This information indicates that the plasma polymers 

synthesised in this thesis can be characterised as a network of Si-(CH3)n groups (with 

the possibility of occurrence of silicon carbide-like moieties), sometimes linked to 

organic groups like methylene, being these organic groups more conjugated in the case 

of the TMS plasma polymer. The extremely crosslinked character of these hard powders 

manifested itself through their insolubility (even when using hot alkaline solutions). 

Both plasma polymers suffered oxidation, when exposed to the atmosphere. This 

can be related to the fact that Si-0 and C-0 have bond dissociation energies of 531 

kJmol1, 340 kJmol"1 respectively2, and therefore it is energetically favourable for 

trapped reactive centres to interact with oxygen and moisture from the air3: 

\ \ 
— O + H 2 0 • — C OH 

— c « + o-

~ C - O H 

\ / \ 
— C - O O * • — C - O O H • C-O 

< \ ; 
— C - H 

O 

— Si« + H 2 0 • — S i - O H 
/ / 

Following ageing, the shift in the Si(2p) XPS peak to a higher binding energy, 

the increase in oxygen atomic percentage, the appearance of shoulders in both the C(ls) 

and Si(2p) regions, and the presence of O-H 2 (bond energy = 492 kJmol"1), C O x and 

Si-0 related NMR/FTIR bands supports this explanation. NMR/FTIR bands also 
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showed the occurrence of crosslinking in both samples, as a result of ageing 

The colour of the HMDS plasma polymer changed from brown to yellow, while 

the brown colour of the TMS plasma polymer was stable. That was another evidence of 

the higher occurrence of conjugation in this sample: conjugation makes the free radicals 

present in the sample more stable to oxidation due to stabilisation by resonance. This 

explanation was supported by NMR results. 

The possibility of using both plasma polymers as barriers in reactive ion etching 

was analysed: ATR-FTIR spectroscopy, X-ray photoelectron spectroscopy, and 

emission spectroscopy showed the HMDS plasma polymer as the one with the best 

performance. FTIR spectroscopy and XPS showed the presence of SiO x environments 

as a result of the oxygen plasma treatment of polyethylene surfaces previously treated 

with organosilane plasmas. These techniques also showed that further oxidation was 

avoided due to the presence of this hard skin, being the film previously treated with a 

HMDS plasma having an SiOx-richer layer, after oxidation. The topography of the 

organosilane plasma-treated surfaces did not change after treatment with oxygen 

plasmas. 

Ordinary polysilanes (polycyclohexylmethylsilane, PCHMS, and 

polyphenylmethylsilane, PPMS) were also used as etching barriers, for the sake of 

comparison with the cited plasma polymers. Among the polysilanes, the aliphatic one 

(PCHMS) had the best performance, but still bellow the performance of the plasma 

polymerised organosilanes. As a consequence, plasma polymerised organosilanes were 

considered to be exceptional options for application as reactive ion etch barriers (in 

particular the main object of study of this thesis: plasma polymerised HMDS). 
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