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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 Laboratory!
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 be?

&kT,
Ap = ,4‘;”132 (1.1)

where ¢, is the permittivity of free space, k7 is a 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.
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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 identical®. 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 10°-1012 cm. An additional characteristic of such plasmas is

the lack of equilibrium between the electron temperature 7, and the gas temperature T,.

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

g
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.
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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,
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D

A
— << 1.3
D (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 used®®. 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.
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Ion Plating202! 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)?2. Ion plating is generally applied to metal coatings

on metal substrates.

In Activated Reactive Evaporation (ARE)?423, ¢, 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 Deposition?6-27 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 if the reactions were
simply driven thermally by the hot substrates. Apparatuses with the configuration
shown in Figure 1.3d, 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 etching?82?, essentially the inverse of PECVD is used in the fabrication of

integrated circuits with small critical dimensions.
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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 state3!-3%.
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 species®.

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 1.440. In the scheme representation, M, 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 Me. Difunctional activated species are shown as eMe. Subscripts i, j and &
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



Chapter One

monofunctional activated species and the repeated reaction of these species. Cycle 11 is
via difunctional 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

Me + M—P Mil-Mo O
AM. + oM, — M -M @
T\ Cycle]
M. Plasma LoMk A3)
! " Excitation .\
oMko

/ Cycle II
M —)

Mi.—_" oMko + oMk-Mo_—\ 4

N

Figure 1.4: Mechanism of plasma polymerisation*2.

oMko + oMjo _'oMk-Mjo"—‘ o

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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