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ABSTRACT

X-ray photoelectron spectroscopy (XPS dr ESCA) has been
employed to investigate the changes in the surface chemistry
of polymers produced by their exposure to plasmas and ion beams
and the chemistry of thin poiymeric films produced by the ion

beam irradiation of films of condensed organic material.

Modification by hydrogen plasmas of fluoropolymers is
shown to result in extensive defluorination and hydrogenation
of the surface regions of the polymer to a depth of ~208R. In
the initiai stages of the reaction ESCA analysis reveals the
presence of a smooth reaction gradient within the ESCA samp-
ling depth. The modification is accompanied by extensive
crosslinking of the polymer surface. A model is also proposed

to account for these observations.

In order to try and gain an insight into the contributions
of the various components of a plasma with polymer surfaces the
interaction of low energy (1-5keV) argon ions with fluoropolymer
and polymers containing calbon hydrogen and oxygen were studied.
The reaction leads to the depletion of the surface regibn in the
most electronegative components of the polymer. ‘The modific-
ation;.irrespective of the beam energy used, is homogeneous
within the ESCA sampling depth using MgKal , radiatiqn. The
polymers all lead to the formation of a hiéhly crosslinked, un-
saturated carbonaceous surface layer on bombardment. This
defunctionalisation is marked in the ESCA spectra by modific-

ations in the lineshape of the C photoionisation pcak, the

ls
asymmetry of which_has been found to, in a qualitative sense

at least, reflect the presence of unsaturation in the systems.

The exposure of condensed. films of hexafluorobenzene to

relatively low doses of akgon ions has beeh shown to result in



the formation of a thin film of an involatile polymeric
residue. The product bears a striking resemblance in its
chemistry to that of plasma polymerised films of hexafluoro-
benzene. Apaft from the potential ability of such films, =z.g4.
as dielectric films in microelectronics falximtion, they also
illustrate the link between the interactions of ion heams
with organic materials and plasmolysis of such materials.

The thermal stability of films produced by the ion beam in—‘
duced polymerisation and plasma polymerisation of hexafluoro-

benzene is also investigated.
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CHAPTER ONE

ELECTRON SPECTROSCOPY FOR

CHEMICAL APPLICATIONS (ESCA)




1.1 An Introduction

In essence the ESCA experiment involves the measurement
of the binding energies of electrons emitted from a sample,
be it a gas, liguid or a solid, when irradiated with a mono-
energetic source of soft X-rays, in vacuo. In this fashion
a spectrum is obtained which exhibits a series of discrete
bands which reflect the electronic structure and composition

of the sample.

It is only comparatively recently that ESCA has emerged
as one of the most versatile and potent techniques for the
investigation of the structure, bonding and reactivity of
materials and in particular, of their surfaces.l Photo-
electron spectroscopy was essentially developed during the
nineteen fifties and sixties, the first commercial spectro-
meters appearing in the late sixties. Earlier experiments
in the decades following Einstein's2 formulation of the photo-
electric effect in terms of photons, were hampered by severe
experimental difficulties of resolution and electron detection.
These studies were carried out independently by Robinson3 and
de Broglie4 and later by Van Akker and Watsor_l,5 attempting to
obtain X-ray excited photoelectron spectra from a variety of
materials ranging from thin metal foils to inorganic salts.

It was not until the early nineteen fifties that the potential
of the technique began to be realised with the development of
a spectrometer capable of hitherto unheard of resolution and
accuracy by Siegbahn and coworkers at the Institute of Physics,

’

Uppsala University, Sweden. This new found resolution

enabled them to observe for the first time chemically induced

- . N . : / .
shifts in the binding energies of core clectrons. From he



first observations that core photoelectron peak intensities
could be used quantitatively by Steinhardt and coworkers8 and
the observation of chemical shifts in core electron binding
energies, by Siegbahn and coworker58 many more distinct
chemical and physical effects have been observed. Concomitant
with this have been numerous developments in interpretive
theory. Thus from analysing various aspects of an X-ray
photoelectron spectrum a hierarchy of information levels
becomes available. It is this spread of information levels
that makes ESCA useful to such a broad range of disciplines,
finding application in all areas of chemistry and materialé
science. This diversity of information will become apparent

from the following discussion.

Accounts of the early work of the Uppsala group are con-
tained in Siegbahn's two books "ESCA: Atomic, Molecular and
Solid State Structure Studied by Means of Electron Spectroscopy“8
and "ESCA Applied to Free Molecules”.lo K. Siegbahn also gave
a thorough historical account of the development of the technique
(with particular emphasis on the work of the Uppsala group) in
his Nobel lecture address.ll " The early history of electron
spectroscopy is alsoc to be found reviewed by Jenkin, Leckey and
Liesegang.12 The assembly of a collection of "Benchmark Papers"

by Carlson13 serves to document some phases of the development

of the technique.

The acronym, ESCA, (Electron Spectroscopy for Chemical
Analysis) was originally coined by Siegbahn, he later émended
it the more general Electron Spectroscopy for Chemical Applic-
ations.. The technique is also commonly known as X-ray

Photoelectron Spectroscopy (XPS) and less commonly as:



High Energy Photoelectron Spectroscopy (HEPS)
Induced Electron Emission Spectroscopy (IEES)

Photoelectron Spectroscopy of the Inner Shell (PESIS)

There exists a plethora of techniques by means of which
electrons characteristic of a sample may be generated, involving
electron ejection as a result of collison of particles or
photons with a sample; The generic term "Electron Spectroscopy"
embraces all of these. It is worthy of note however that ESCA
is amongst these the most general and widespread of these
techniques in its application. Detailed discussions of the
range of techniques which may be applied are to be found in
reviews by Rhodin and Gadzukl4 and Baker and Brundle.15 of
these probes, those involving the use of photons as a means
of generating characteristic electrons ,are of greatest use in

the non-destructive analysis of polymer surfaces, employing

much milder radiation doses.

1.2 Fundamental Electronic Processes Involved in ESCA

1.2.1 Photoionisation

Irradiztion of a molecule with a monoenergetic
beam of photons causes the photoejection cf electrons with
binding energies less than the photon energy of the exciting
radiation. The total kinetic energy (KE) of the ejected

electron is given by equation 1.1.
KE = hy - BE - E_ (1.1)

where h is Planck's constant
v 1is the frequency of the incident radiation

B.E. is the binding energy of the photoemitted electron,



defined as the positive energy required to remove the
electron to infinity with zero kinetic energy,

Er is the recoil energy of the atom or molecule.

This last quantity Er has been shown by Siegbahn and
coworkers8 to be negligible for typical soft X-ray sources
used in ESCA, e.g. MgKal’z (1253.6 eV) and AlKal,z (1486.6 eV).
However employing harder X-ray sources e.g. AgKa (22000 eV),
the recoil energies of light atoms are no longer negligible,
Cederbéum and Domcké6have.shown that these effects can lead
to perturbations of the vibrational band profiles of molecules
containing light atoms where Er is now significant. However
in routine studies with X-ray sources of moderate photon

energies,’ recoil energies may be neglected and equation 1.1

reduces to equation 1.2:

KE = hv - BE (1.2)

The lifetimes of the core-hole states formed in such photo-

ionisation events are typically lO—13 —-VlO—15 seconds.17

It is important to understand the relationship that
exists between the experimentally observed binding energies
for solids and thbse obtained for free molecules as compared
with values calculated theoretically in gb initio and semi-

empirical LCAQO-MO-SCF treatments.

In the case of a conducting sample the most convenient
reference level is the Fermi level. In a metal this level
is defined as the highest occupied level at absolute zero.

(Sometimes also referred to as the "electron chemical potential")

The work function, ¢S, for a solid is defined as the
energy difference between the free electron (vacuum) level and

the Fermi energy of the solid. The vacuum levels of the solid



sample and the spectrometer may however differ and hence
in analysis the electron may experience a retarding or
accelerating potential equal to ¢ -4 where ¢ is

: s 'spec spec
the work function of the spectrometer.8 In the ESCA experi-
ment, the kinetic energy of the electron as it enters the

analyser that is measured, taking zero binding energy to be

the Fermi level of the sample, the fdllowing.equation results:

BE = hv - KE - ¢spec. (1.3)

However for insulating samples such as polymers, the
situation is complicated,the Fermi level is'not so well defined
analytically, lying somewhere between the filled valeﬁce“levels
and the empty conduction band.8 An additiénal complication
arises from the charging of insulating samples on irradiation,
equation 1.3 assumes equilibrium conditions. If, however, the
resistance of the sample is high compared with the currents
required to neutralise the electron holes created by the photo-
ionisation processes, then the sample surface will charge
until an equilibrium potential is reached at which the prdduction
of holes is offset by the neutralisation by conduction from
the sample backing and the capture of stray electrons from the
vacuum system. This stray electron flux bn the sample is made
up from slow electrons photoemitted from the sample and from
photoelectrons generated by X-ray impact dn the window of the
X-ray source and chamber walls.' For a non-conducting sample
it has been shown that this stray flux can contribute up to

99% of the total photoemitted flux.‘18’19

The problem of extracting absolute binding energies is;
in practice, circumvented by the use of reference standards

to calibrate the binding energy scale.



1.2.2 Processes Accompanving The Photoionisation Event

The initial photoionisation event may be accom-
panied by a variety of processes which may be divided into two
categories depending upon the time scale relative to the photo-
ionisation event. Slow processes such as X-ray fluorescence
and Auger electron have negligible effect upon the kinetic
energy of the photoejected electron. Eléctronic relaxation
prdcesses, shake-up, shake-off, and the interaction of con-

~duction electrons with the core hole occur on a similar time
scale and result in a modification of the kinétic enerqgy of
the emitted photoelectron. These primary, and secondary decay

processes are illustrated schematically in Figure 1.1

Photoionization Auger Emission X-ray Fluorescence
Virtual ' o '
Orbitals _ e
Valence — —— S —
Orbitals ——— — — o
he ' e® ANMNMAB

Co L .
Orbitals 1 1

Virtuui

Figure 1.1 The Photoionisation Event



1.2.3 'Elécpraﬁicvaéiaxation'

Accompanyinc,the photoicniSaticn process, - which -
'ie’complete Within a time span cf approximately 10717 seconas,
'there is a WidespreadveieCtrcnic.relaxation cf the valence
.eLQCtronézopzz’as they relax:tc etahiliSeithe incipient core-
'hoie:' Theoretical»and*experiﬁentalfinQeStigaticnsz3f26 have
fshown that for a glven core level this relaxatlon energy is
.a sen51t1ve functlon of the electronlc structure of a molecule.

Salaneck27

has-also_shown that. in the solid state in addition
to-thesevintramdiecuiar electronic relaxatioh effects, there

also exista a smaller intermolecular relaxation effectrdue to

the electronic pclarisaticn of electrons in molecuies surround-
ihg the molecule which:experiencesrthe photoionisation eVent.

The relaxation energy has been fopnd to be relatively unimpertant
in aescribing shifts in binding energies, Since.differences in
,relaxatiOn energy between closely related molecules are small:

‘and so cause iny Small changes in binding energies.

There have been many theoretlcal 1nvestlgat10ns of
‘the chemlcal Shlft in core electron blndlng energles at a variety
U;of levels.; At the 51mp1est'level»‘Koopmans 28 method for
1calcu1at10n of the absolute values of blndlng energles relles
tonly upon the grou;d state propertles of a wave functlon. VThe
'relaxatlon of the valence 1evels in response to the decreased
shielding of the nuclear charge is not considered. Thus
Koopmans' method tends to cverestimate binding ehergies»and
_as‘it is the relakatioh~energy thchiis'mcst sensitive to the
:tchemical en?ironﬁent 5fv£hétat9mr¢ﬁ7whi¢hfthe core-hole is
- produced, can lead to incorrect‘deecription of,chemical shifte
‘as Koopmane"approximaticn.neglects relaxation. More sophisti-

cated treatments®®’ 39 centre on ngn-empirical LCAO SCF calcul-



ations on both the ground state and core ionised state.
Calculations on the former yielding the Koopmans' binding
energy and, enerqgy differences between the states, the relax-

ation energy, R.E., equation 1.4

R.E. = BE(Koopmans)-BE (ASCF) (1.4)

1.2.4 Shake-up and Shake-off Phenomena

The removal of a core electron, which is almost
completely shielding as far as concerns the valence electrons,
is accompanied by substantial reorganisation of the vaience
electrons. This perturbation yields a finite probability
for photoionisation to be accompanied by the simultaneous
excitation of a Valence electron from an occupied, to a higher
bound state, (shake-up), ionisation of a valence electron
(shake-off) or the transition of an electron from a higher

57 Anal-

orbital to an orbital of lower energy (shake-down).
ogous to shake-up and shake-off processes, in conductors there
exists a continuous density of states curve above the Fermi
ievel which provides a continuous range of allowed one-electron
excitation energies. Whereas in an isolated molecule a dis-
crete series of excitatiohs accompanying the photoionisation
_event may be allowed, in a conductor a continuous range is
available. Thus for an. isolated molecule or a polymer where
the feature giving rise to the shake-up feature is essentially
isolated (e.g. a pendant phenyl group in polystyrene) a sharp
set of satellite lines below a roughly symmetric one electron

an asymmetric tailing of the main peak is obtained.33

transition peak is obtained.

These phenomena occur concomitant with and on a

similar time scale to photoionisation resulting in a modification
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of the primary photoionisation peak, producing satellite peaks
or an asymmetric tailing to the lower kinetic energy side of

the main peak.

These processes derive their energy from the single
electron process, thus lowering the KE of the primary photo-
electron. Thus equation 1.2 has to be revised to account

for these processes:
KE = hv - BE - E (1.5)
where E is the energy of the electron process.

These excitations follow monopole selection rules,
J = AL = AS = AMj = AML = AMS = 0, and may be in some ways
viewed as an analogue of ultraviolet spectroscopy in ESCA,

though the analogy should not be taken too far.

Virtual e ——
Valence
g
AN / hYOccupled VAN ,f/' hY \,_l:lw
Core
.relaxa‘rlon
~=—eneriy--

| Direct

shake-off shake-up Photoionisation

N [N~
/ !\\ \\ / \\\\
\

I \,
’ : \ /

Kinetic Energy ——  mean

Flgure 1. 2 Relatlonshlp between relaxatlon enerqgy, Koopmans'
theorem, (mean) and the direct;pﬂbt01onlsatlon
shake-up and shake-off peaks
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The theoretical relationship between the intensities of

- shake-up and shake-off intensities and relaxation energies

has been discusséd by Manne aﬁdbgberg.3l They have shown

that the weighted meén of the direct photoionisatioﬁ, shake-off
and shaké—up peaks, corresponds to the binding energy of the
unrelaxed system (see Figure 1.2). The transition probabilities
are it is clear, low for high energy shake-off processes, higher
~probabilities existing for transitions falling reasonably close
to the centroid of the system. In the solid state the intef—
pretation of shake-up and shake-off features is hampered by

the presence of a general inelastic tail, which peaks some

20eV to the lower kinefic energy side of the direct pﬁoto—
ionisation peak, swamping all buf the high intensity low energy
shake-up peaks. A review of some aspects of shake-up effects
has been given by Baker and Brisk.32 " In the case of polymers,
a detailed study of the effects of substitutionlof the pendant
phenyl groups of polystyrene on the position and form of shake-
up satellites has been made by Clark and Dilks.34 Further

consideration of shake-up in large polycyclic aromatic systems

and degraded polymeric systems will be given later.

In general as the size of the conjugated system giving
rise to the low energy shake-up transitions grows and in doing
so the range of transitions available also grOws, the shake-up
satellites become less distinct, sinking into an asymmetric
tailing‘of the direct photoionisation peak. Conversely strong
shake-up peaks may be erroneously interpreted in terms of
chemical shift effects.

Shake-up and shake-off structure has been studied in a

99-100 7-98

' . . .9 . . .
range of organic’ and inorganic materials (in partic-

tlar the trangitioén elenerits) . Sdéﬁ é%ruéﬁﬁ;é has also been
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studied to help elucidate details of structure and bonding
, . . 101-103 . . .
in polymeric materials" not immediately attainable from

the primary information levels in ESCA (e.g. chemical shifts).

1.2.5 Auger Emission and X-ray Fluorescence

De—ekcitation of the core hole produced by photo-
ionisation occuré by two main routes, X-ray Fluorescence and
Auger-emission, both processes being slow compared to the
initial photoionisation event. For lighter atoms Auger
emission is the dominant mechanism, X-ray fluorescence domin-
ating for heavier elements. The probability for each process

varies with the atomic number of the atom as shown in Figure 1.3.

10 1= -----._ Auger electron
.. yleld

= OZ 7 . ‘ "J’
£ [Xray yield .-

O LB T v LI v ¥
~ "H B Ne P (Ca M Zn I
Atomic  Number

Figure 1.3 Efficiency of Auger and X-ray Fluorescence
processes as a function of atomic number

Auger emission may be viewed as a two step process involving
the initial ejection of an electron from an inner shell by a

photon followed by the decay of an electron from an upper level
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to the vacancy in the inner shell concomitant with the emission

35-40

of a second electron. This is indicated schematically

in Figure 1.4.

a PRIMARY PROCESSES

MAIN PROCESS SATELUITE PROCESS

CREATION
OF HOLES

--g--0 EMISSION OF XCITATION
PHOTOELECTRON ) OF ELECTRON o
i : A
N
i

CREATION EMISSION OF
OF HOLE  PHOTOELECTRON

8INDING ENERGY

TIME

BINDING ENERGY
TIME

b. DECAY PROCESSES
AUGER_ELECTRON EMISSION AUTOIONIZATION

f‘ CREATION ~ EMISSION OF
OF HOLES_ AUGER ELECTRON

/ésmucmm oF

tNNER HOLE

EMISSION OF

= o~ CREATION

y OF HOLE k AUTOIONIZATION ELECTRON
) oD

DESTRUCTION ™ DESTRUCTION

OF HOLE j OF EXCITATION

TIME

BiNDING ENERGY
TIME

PHOTON EMISSION
CREATION

— OF HOLE
7//"‘ EMISSIGN OF
PHOTON
DESTRUCTION
OF HOLE

—_— Hi

TIME

BINDING ENERGY

Figure 1.4 (a) Photoionisation, (b) Auger Emission and
X-ray Fluorescence

In general for an Auger transition involving a set of
levels KLM, a peak appears at:

E = E_ - E_ - E (Z+4) -

(2) K L M (1.6)

a

where Z is the atomic number of the element

A = 1 (due to extra positive charge on the loss of an
electron)
¢, = Analyser work function

EK is the energy of the K level transition
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EL is the energy of the L level transition

EM is the energy of the M level transition.
This formulation represents an oversimplification as the final
state of the doubly ionised ion must also be.defined, the
effects of coupling in the singly ionised and doubly iénised
states must also be considered. In elements of atomic number
1ess than 40 where the electronic vacancy in the inner shell
is filled by an electron from another inner shell (Coster-
Kronig transitions39) the Auger_spectrum is of use in analysing‘
inner shell transitions, these are very efficient processes

leading to very short lifetimes with well resolved Auger

spectra.

The X-ray excited carbon Auger spectra of various polymers
have been studied by Houston et aZ,4l however the spectra are
tedious to acquire and their interpretation and assignment

difficult.

The second process mentioned, X-ray fluorescence, leads to
the emission of characteristic X-rays and is used as a sensitive

means of guantitative analysis for heavier elements.

Auger Electron Spectroscopy, in which Auger electrons
characteristic of the sample are, in general, generated by the
bombardment of a sample with an electron beam of energy typic-
ally %2keV'is a‘sensitive analysis technique in its own right.
It is a highly surface sensitive technique, the sampling depth
of the exciting electrons being only about five atomic layers.44

The use of the technique in the interrogation of polymeric sur-

faces is limited due to the radiation damage42’43

caused by
the incident electron beam which delivers typically a dose

three orders of magnitude larger than a normal ESCAbexperiment.



As an aid to the identification of chemical states in
4 - -
XPS, Wagner 3 has promoted the concept of the Auger parameter.
About half the naturally occurring elements exhibit Auger

lines in XPS spectra when excited with MgKa or Al o
. 1,2 1,2

radiation, of these twenty-two elements exhibit narrow, intense

K

core-type Auger transitions. Chemical shifts in these Auger
lines are different from and normally greater than those in

the photoelectron lines of the same element. Whernr the ener-
gies of the most intense photoelectron lines are plotted against
those of the most intense or sharp Auger lines for compounds
containing a given element a two dimensional plot is obtained.
Such plots are useful in identifying the chemical states of
elements in compoﬁnds. Wagner has also developed the concept
of the Auger parameter, that is the kinetic energy of the
sharpest Auger line of an element minus that of the most intense
photoelectron line. This quantity is particularly attractive
practically, as it is independent of sample charging. (More
recently the modified Auger parameter, <.e. the kinetic energy
of the Auger line minus the binding energy of the photoelectron
peék has been addpted as it is independent of the energy of

the exciting radiation and always positive). A review of the
Auger parameter and its use has recently been given by Wagner.
Experiméntally in XPS, X-ray excited photoelectron peaks may

be distinguished from Auger peaks by a change in energy of |
‘exciting radiation, the position of Auger peaks in the svectra
will remain unchanged whereas the kinetic energy of photoelectron

peaks will change.
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1.3 Features of ESCA Spectra

1.3.1 Chemical Shifts

The binding energies of core leﬁel electrons

-1in an atom are essentially characteristic of that particular
element.l They are localised and tightly bbund and as such
do not take part in bonding. They are however sensitive to
thé local environment of an atom, émall chahges in the
chemical environment of an atom giving rise to measurable
changes or shifts in the binding energies-of the photoemitted

47,48 these shifts often being characteristic of

electrons,
the presence of a particular structural feature in the Sample.
A particularly dramatic illustration is provided by the Cls

spectrum of ethyl trifluoroacetate,lo here shown in Figure 1.5.
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Figure 1.5 cls spectrum of ethyl trifluorocacetate
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A study of the shifts in core levels as a fuhction of sub-

stituent for a wide range of polymers was undertaken experi-

mentally by Thomas,49 and is displayed in Table 1.1. Compil-

ations of similar information for other core levels exist50

but as such assemblies of data are culled f:om a wide variety
. .51

of sources, problems of energy-referencing may creep in.

Such assemblies of data should be treated as a guide rather

than gospel.

Emphasising the close relationship between theory and
experiment in ESCA, a variety'of approaches exist for the cal-

culation of chemical shifts, inter alia.

(1) Koopmans' Theorem28

(2) Core Hole Calculations (ASCF)23

(3) Equivalent Cores Model52

(4) Madelung Charge Potential Modello

(5) Quantum Mechanical Potential Mode153—55

(6) Many body formalism.

The range of chemical shifts exhibited by core levels can
in some cases be greater (up to =9%eV inﬂperfluorinated carbon

species).

A complete-diséUssion of the theoretical basis of the

physical processes involved in photoemission has been given

by Fadley.>?



-3
x|
-8

892 €30 426 334 3y 23 408
S ER ARSR 00 000 090 RIS AN Y 200, 207 248, 200 208 M3 200 199, 170, 18, 108, 184, e 12 w0, 00

Bindng Energy Ranges fEN | SRS [ SRR TR T RTINS | TR oo

cccxere,©
o $i-C

€-0 eErEREN
g | =g
¢ v @ ©s o= © ©
Runctionat Group ¢ommm 30,

Binédmg Energy Rangas €0

€0 o
°

o-c.0

wve
e

LS L vt

: L
'llvlLllili' LR L [ L A I N I I ) ] tier e
ooz 53 533 33 408 408 404 407 400 398 206 I9) % 209 r8? RS ROY P08 TOI ROV 1UB 7O 8% e (84 (04 02 XO I8

1
2o
) Oy Ny s Cynaa s Sitpvaan 303280

Binding Energies (eV)

g

TABLE 1.1 Characteristic core level binding energies for various structural features

in polymers

8T



19

1.4 Fine Structure

1.4.1 Multiplet Splitting

The multiplet splitting of core levels results
from the interaction of the spin of the unpaired electron
resulting from the photoionisation prbcess with the spihs of
oﬁher unpaired electrons present in the system. Many ex-
amples are to be found in the core level spectra of transition
element compounds, their theoretical interpretation is only
relatively straightforward for s-hole states based upon Van
Vleck's vector coupling model.58 The magnitude of the spiitt—
ing provides information on the degree of localisation of the
unpaired electrpns on the-atom where the core-hole is generated.
Fadley has reviewed multiplet splittings in photoelectron

spectroscopy.

1.4.2 Spin-Orbit Splitting

In photoionisation from an orbiﬁal of orbital
quantum number (1) greater than O, (Z.e. not from an s orbital)
coupling occurs between the spin (3) and orbital angular
mqmenta (L) to vyield fotal momenta (Jf resulting in the peak
appearing as a doublet in the ESCA spectrum.8 When spin;orbit
coupling is weak compared with eleétrostatic interactions
then the orbital angular momenta will couéle to give a resultant
L and the individual spin mbménta will also couple to give a
reéultant S the resulting momenta then couple to give J, this
is known as the Russell-Saunders coﬁpling scheme (L+S=J). At
the other extreme, where the spin—orbit coupling energy is
large compared with thé electrostatic energy then the individual
spin and angular momenta of the electrons couple to give a

resultant j. The coupling of these resultant j's yields final
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total momenta J. In this case the orbital and spin momenta
are individually coupled, the coupling scheme is known as the
jJj coupling scheme. The former Russell-Saunders coupling

scheme is applicable to light elements, up to the lanthanides,

but for heavier elements the jj coupling scheme is used.

The ratio of intensities of the components of the doublet
obtained in the ESCA spectrum are pfoportional to thé ratio
of the degeneracies (2J+1) of the states. The relative in-
tensities of the states‘arising from s, p, d and £ levels are

shown in Table 1.2 and examples of this type of splitting in

ESCA spectra are displayed in Figure 1.6.

TABLE 1.2 J states for s, p, d and f orbitals

. Orbital Intensity
Orbital Ouantum No. Total Quantum No. Ratio
1 J = (1 £ s) (20+1) (2J%1)

s 0 .‘1/2 singlet

p 1 1/2, 3/2 1 : 2

d 2 3/2, 2/2 2 : 3

£ 3 5/2, 1/2 3 : 4

1.4.3 Electrostatic Splitting

A further type of splitting has also been obsérved
in the ESCA spectra of some tin, gold, urénium and thorium

63.64 attributed to the differential interaction

compounds
between an internal electrostatic field and the spin states
of the core level being investigated. However in organic

polymers the inherently amorphous structure precludes the
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Cl

Figure 1.6 Spin-orbit splittings in C

Ag3dh and

1s’ 2p’

Au4f core levels

establishment of such fields and it is unlikely therefore

that such splitting will be observed in polymers.

1.5 Valence Bands

Whereas much information concerning structure and bonding

may be inferred from shifts in core level binding energies, the
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valence bonds of polymers also contain much valuable inform-
ation especially for systems which display no chemical shift

effects, e.g. polyethylene and polypropylene (see Figure 1.7).

50 40 30 20 10 0
| BE. (uncorrected)

Figure 1.7 XPS valence bond spectra of high density
polvethyvlene, low density polyethvlene
and polypropylene

' Identical in the Cls,region they -are clearly distinguishable
from the valence regions of the XPS speétra. However to
extract all this information requires the support of quantum

mechanical calculations and comparison with other types of
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“experimental data for a full ihterpretation. They can however be
readily used to "fingerprint'" materials. Beyond the monitoring
of substituent effects, valence band spectra can also be used to
characterise purely hydrogen and carbon containing chains, iso-
merism (structural isomerism and stereoisomerism) and crystalline
struéture.65 In the study of the valence region, although UPS
(Ultra-violet Photoelectron Spectroscopy) and XPS provide comple-
mentary information, the XPS data has some advantages. Using a
high energy photon source ail the valence leVels may be studied,
the kinetic energy range of the photoemitted electrons is small
compared with their energy, there is little variation in the mean
free paths of the emitted electrons over the region. In gas phase
work the resolution of a UV lamp (a few meV) offers substantial
advantages over an X-ray excited spectrum in terms of resolution.
However in a solid, molecular orbitals are grouped into bands,
broadened by vibrational excitation, they become unresolved. _ It
has been found that in polymers the use of UV lamp does not of fer

any substantial advantage over an XPS experiment.

The photoionisation cross-section for a given orbital varies
with the energy of the excitation source. Using a UV source

the photoionisation cross-section for C orbitals is larger than

2p
that for CZS orbitals. The reverse obtains for X-ray excitation.
Thus comparison of the UPS and XPS spectra offers an aid to
assignment, the XPS spectra emphasising the easier to interpret
C28 level.

The amount of information that can be gleaned from such
spectra has to be balanced agéinst tﬁe much longer acguisition
times required to produce high quality spectra as compared with
core level studies.  The photoioﬁisation cross-section for

valence levels to Mg, and Al = radiation are much lower than

for core levels. There is a requitrefient also to use mono-



24

chromated X-ray sources to obliviate the need for complex
background subtrktion and satellite removal treatmentsvfor
all but gualitative "fingerprint" work. In contrast to
core levels, which essentially sense short range effects,
the valence region reflects the longer range electronic

effects and order present in polymers.

1.6 Sample Charging and Enerqy Referencing

For conducting samples in electrical contact with the
spectrometer the Fermi level provides a convenient level for
energy referencing. However for iﬁsulating samples or samples
not in electrical contact with the spectrometer energy refer-
encing is not so straightforward (Figure 1.8). For insulating

samples the Fermi level is not well-defined in the XPS spectrum.

"Sample charging" arises from the inability of an insul-
ating sample to replace electrons lost by photoemission. An
equilibrium situation is established when thefkatoemission
current is balanced by the sample attracting electrons from
the sample backing or by the capture of stray electrons from
the vaeuumlg’19 system. | As.a result the sample‘surfece rises
to a net positive potential, photoemitted electrons from the

sample experience a net retardation and hence avpear at higher

aprarent bindina energies.

For a sample which charges uniformly all photoelectrons
Vleaving the sample are affected by the same retardation and
shifted by the same amount. Tﬁe enerqgy equation is thus
modified,

KE = hv - BE - ¢_ - & (1.7
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where A is the energy shift due tb the poéitive charging of
the sample. A non-uniform distribution of surface charging
can arise in some samples (e.g. fluorographite566) leading
to a broadening of the photoelectron peaks as A varies over
the sample surface. Such cases may be revealed‘by.appiying
a bias voltage of the order of 10-20V to the sample, the

broadening is increased until the domains become resolvable.

‘“"—“T"“-% """ R

Sp KF KEZSCéle

% ; _ .

. | 0
--e- }f_-_ﬁ—-""_'t:'-sp

Sample Spec frometer

VL =vacuum level Fl=Fermi Level

Figure 1.8 Relationship between the vacuum level and |
Fermi level for a sample isolated from the
spectrometer
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1

Charging may be detected by varyihg the incident electron
flux on the sample using a low energylélectron flood gun.67
If charging is present, this extra flux will cause the photo-
electron peaks to move to lower apparent binding energy. The
use of flood guns is especially useful in-workiinvolving mono-
chromatised X-ray sources, here the secondary electron flux
from the adjacent window of an X-ray gun is hot present, in
its absence. insulating samples may charge dramatically.69’7O
However samples can become negatively charged due to over-
compensation. (In optimising the electron flux, one criterion
of it used, is the line width of the photoemission peaks, some

workers having minimised this quantity do'not seem perturbed

by the negative charging exhibited by the sample).

An alternative approach to the problem has been to illuminate
the sample chamber with UV. radiation from a low pressure,
low power mercury lamp through a quartz viewpoint.68 Suffic-
ient secondary electrons are generated from the sample chamber

walls to reduce charging to a low level.

In the case of polymeric samples and indeed many samples
the most facile method ofrcircumventing the problems of'energy
referencing caused by saﬁple ¢harging is by the use of a
éuitable reference peak. The observed shift in this reference
peak is then used to correct the kinetic energies of other
peaks observed in the spectra and thus find their true binding
energies. The most commonly used calibrants used in polymer

investigations are the C peak due to (CH2) environments

1ls
.either inherent in the sample or in adventitious hydrocarbon

deposited as a contaminant layer in high vacuum at'285eV.8'96,

or the use of the Au level at 83.8ev, if the sample has

4£7,,

been deposited on a gold substrate.
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Other methods employed have included the gold decoration.
of the sample surface which is fraught with difficulties
involved with islénding and chemical_reaction7l_73 with the
substrate. The implantation of argon ions and the use of
the Ar2p lines of the implanted argon as a feference has also
been suggested. 74

A detailed study of sample charging phenomena ana the
ESCA analysis of polymer samples was made by Clark, Dilks and

69,70 Sample charging was found to be a sensitive

Thomas.
prdbe of the outermost few tens of Angstroms of a sample in
its own right. Over a wide range of operating conditions

- equilibrium sample charging shifts were found to be character-
istic of, and show a strong depéndence upon, the total photo-
ionisation crossfsection of the sample. The changes in
charging with increasing hydrocarbon contamination were also
observed. A strong correlation between the fluorine content
of a sufface and the equilibrium charging attained was noted
for an ethylene-tetrafluoroethylene cqpolymef defluorinated
by exposure to an argon plasma.75_78 A similar correlation

has been observed for the defluorination of PTFE by a hydrogen

piasma (se€e Chapter Three).

1.7 Linewidths and Lineshape‘Analysis

The large inherent linewidths of core level signalé in
ESCA spectra,8 comparable in magnitude to the magnitude of
chemical shifts to a system has'ﬁeceséitated the use of curve-
fitting procédurés-for accurate liﬁeshapevanalysié to delineate
the'coré environﬁents within a given'envelopé. The dominating

contribution to broad linewidths comes from the inherent line-
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width of the polychromatic X-ray photon source normally used,
this canlbe improved by the use éf monochromatized X-ray

;sources. Even using monochromatized soufces the reqﬁirement
for lineshape analysis remains to fully quantify the available

information.

The measured linewidth for a core level may be expressed
as a convolution of several effects.

2 (1.8)

2 _ 2 2 ,
(AE ) © = (AEX) + (AES) + (AEcl)
where AEm is the observed FWHM of the photoelectron peak,

AEx is the FWHM of the exciting X-ray source, ca

0.7eV for MgKa source, 0.9eV for AlKa ,

AE is the contribiéion to the FWHM due to tiéz
spectrometer (Z.e. analayser aberfations,
slit widths),
‘AECl is the natural width of the core level examined.
This also includeé the solid state broadening effects
not directly associated with the life-time of the
cére—hole’staﬁe for solid samples, including
»Variations in chemical shift due to differences in
lattiée environments.
The contributions to the overall line shape of the X-ray
source and the core-level are essentially Lorentzian in
character.  The svectrometer resolution function represents
a Gaussian contribution to the overall lineshape. The convol-
ution of these various factors leads to a hybrid shape, essent-
ially Gaussian but with Lorentzian character in the tails.
For insulators it has been shown that the assumption of a pure
Gaussian liﬁeshape for observed peaks intrbduces only a small

error in the lineshape analysis.lo However in the case of
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metals the use of symmetric lineshapes may be inappropriate,gO

even in the examination of polymer surfaces the validity of
using symmetric lineshapes in determining the overlapping

peaks in complex XPS spectra has been questibﬁed.Sl A variety
of lineshapes have been proposed such as Lorentzian functions,82
linear and product combinations of Gaussian and Lorentzian

79,83

functions and composite functions with an asymmetric

tailing to lower kinetic energies.

The resolution of complex lineshapes may be aided by
the-mathematical enhancement of resolution to deconvolute
instrumental and source broadening factors from the observed
'épectra by iterative or Fourier transform techniques. Such
methods have been reviewed by Carley and Joyner,84 Ebel and

Gurkergs'and Wertheim.86

Such deconvolutions éid curve-fitting techniques by
improving resolution and thus aiding component identification
in complex lineshapes, however component analysis is still re-
quiréd. |

In the analysis of peak profiles both digital and analogue
aids (such as the Dupont 310 Curve Resolvef)vare availableAfor
the synthesis of peak shapes from a Qariety of peak shapés and
their comparison with the experimentaliy acquired data. Such
Systems allow close control to be exercised over the position,
width and‘height of the component variables. However such
curve-fitting procedures require a sound theoretical background
to'obtéin meaningful results, tﬁé solutibns produced are rarely
'.'unique and must be examined in the chemiéal context, Z.e. is
it chemically sound and consistent with data given by other core levels
examined or other spectral‘features? The essential philosophy

behind lineshape analysis is outlined in Figﬁre 1.9. An
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example of curve-fitting of a C level of a polymer, poly-

1s
ethylene terephthalate, is given in Figure 1.10. In the
work in this thesis curve-fitting has been performed both

by analogue simulation using Dupont 310 curve resolver for
data acquired in analogue form and digitally, using the data

analysis package of the DS300 data system attached to the

larger, ES300 spectrometer.

100 !
'RUN REG SCAN STEP #CH
PET2. 1 1 .05 277
ELMT K.E. DWELL
XDD Q50,00 .500
50
START EV: 300.05
END EV: 296.20
100% AREA =434740
190% INTENSITY =9000 0 L
' . 109

FIT=2

PIC ENERGY  MAX  FlWHH AREA

1G 283,75 34,75 1.53 57,5

2G 291.45 34.87 1.45 20,0

- 3G 293.70 30.13 1.43 17.0 50
4G 295.80 3.88 3.48 5.3 ‘

30D

Figure 1.10 Polyethylene terephthalate (PET)



1.8 Signal Intensities

The general geometry of the ESCA experiment employing
a fixed arraﬁgement of analyser and X-ray source is in
Figure 1.11; hv represents the incident X-ray flux and e
the fraction of the electrons which enter the analyser. ¢
is thé angle between the incident X-rays and the analyser
entrance slit. 8 describes the angle of the escaping electrons
with respect to a direction normal to the sample's'surface.
Electrons emitted from a point a depth d below the sample's surQ

face thus travel a distance d/cosﬁ in the sample to escape from

the sample's surface. Due to the short mean free paths of
,_ Analyser
N 48—
\\
. N

X-ray hy
Source

Figure 1.11 Schematic of sample geometry relative to
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electrons in solids (see Section l.é), by Vérying‘the “"take-
off" angle 6 it is possible to analyse electrons originating
from surface and subsurface regions of the polymer. A£ high
values of 6 electrons must travel longer distances in the
sample to escape the sample's surface, only those electrons
originating from the surfacemost regions will escape without
experiencing inelastic collision and thus losing theif character-
istic energy and hence the information they convey. Thus
variable take-off angle studies offer the possibility of the
"analytical depth profiling of a surface. (Retufning to ,
Figure 1.11 - in the spectrometers used in this investigation:
ES200AA/B ¢ = 900, in the case of the ES300 equipped with the

Ti/Mg dual anode source ¢ is fixed but less well defined w?oo).

Considering an infinitely thick homogeneous sample, the
"inelastic photoionisation peak intensity for photoelectrons

originating from a core level is given by:

XA,
dI. = Fa. N, k. e Tax. (1.9)
1 1 1 1

where I, is the intensity arising from a core level i
Fi is the exciting photon flux (not considered to be
attenuated over the ESCA sampling depth).
a, 1is the photoionisation cross-section for core level i
k., is a spectrometer.factor
N, is the number of atoms per unit volume on which the
_.core level is is localised

A, is the inelastic mean free path of electrons emitted

from core level 1i.

Integration of this equation gives:



I, = Fa, N. k., e dx (1.10)
o i i Ti

-and I, Fa. N, k A, (1.11)
1 1 1 i 1

Examining these parameters in more detail:

F, the X-ray flux depends primarily upon the operating

power and efficiency of the X-ray gun,

o, the cross-section for photoionisation for a given

core level,

i describes the probability that a core level will be
ionised when irradiated by a photon of a given energy,87 being
a function both of the core level and the energy of the incident
-photon. The oy is also dependent upon the angle of detection
with respect to the angle of incidence of the photons ¢
hence is also weighted to include only those electrons emitted

within the acceptance angle of the analyser lens system. The

total photoionisation cross section,. s is given by88'89’

TOT
o,

[¢ =

LT [ 1 - 14 8,(3 cos®s - 1) ] (1.12)

aiTOT is the total cross-section of the core level i, and 8,

the asymmetry parameter for that level. For a given spectro-
meter ¢ and hence @, is normally constant. The cross sections

ai may be calculated from fundamental atomic propertiesa7 or
determined experimentally.lO The cross-sections for photo-
ionisation of most elements to Mg and Al_ radiation
Koy, o Key o |

’ I 7

are within two orders of magnitude of that of the Cis levels,8

and hence has a convenient sensitivity range to many elements.

ki the spectrometer factor is an instrument dependent para-
meter reflecting the efficiency of the detection system and the

transmission of analyser to electrons of various kinetic energies
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and the solid angle of acceptance of the analySer. It also
depends on the mode in which the analyser is operated, present

retard energy (FAT) or present retard to pass energy ratio (FRR).

The inelastic mean free path of the photoemitted electrons

in the medium from which they are emitted, is defined as the
distance in the solid that electrons of a given energy can
travel before l/e of them have not suffered energy loss through
inelastic collision. This quantity may be calculated theoret-

icallygo or determined experimentally.gl-gs

xi is a function
of electron energy ranging from about 42 for electrons of
energy 80eV to about 402 for electrons of ~4000eV kinetic
energy. Another useful gquantity, the sampling depth (often
confused with Ai) is the depth from which 95% of the signél

from a given core level is derived,

ny

Sampling depth = -Aln 0.05 ~ 3} (1.13)

and is a useful quantity in discussing the surface sensitivity

of ESCA data.

The final quantity n,. the number of atoms per unit
volume on which the core level is is localised. Thus it can
be seen from eguation 1.12 that the relative intensities of

core levels will be related to the overall stoichiometry of

the atoms in the sample. Thus for two core levels i e j
Ly Fay Ny koA (1.14)
I. Fo. N. k. . ’ )
§ o B B B

If i and j correspond to differing chemical environments of

the same core level

|

FqiNiki}i = Faijijj

L]
2| ;
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Figure 1.12 Substrate-Overlavyer Model

- to the case of angular dependent measurements. For a take-

‘off angle of

—d/
A cosb
over _ _ 1 e 74
Ii —: FaiNikiAi (l-e ) (1.17)
and .
. .sub —d/A?COSG-
I = Fa.N.k. A, e A (1.18)
B 111 1.

Thus it can be seen as 6+"/, that tﬁe signals derived from
;ﬁhe overlayer come to dominate the spectra;' , Beyohd the
simple substrate;overiayer model 5y,the appropriate sub-
tractions and'additions of equations 1;16'and l.i7 the con-
tribution to the observed spectrum at a given take-off angie
ef any layer within the sampleimay be determined. Thus it

can be seen how the sampling depth varies with take-off angle.

Consideration of the general correlation between the
electron mean free paths and electron kinetic energy as illust-
rated by Figure 1.13 shows that in the energy range of interest

1.to ESCA (>300eV), the mean free path 1ncreases with kinetic energ
4 P - . o : .“
| | * i . ' o . ..

M
' '



38

™

/ .
ers nm 2

—
-
(-
AR L]

Lambda monolay

'I SUPR 1 el L —

-  Energy, eV

Figure 1.13 Inelastic mean free paths of photoemitted electrons

Thﬁs the attenuation of a signal derived from the substrate

by an overlayer will depend strongly on the kinetic energy of
the photoemitted electron. This may be exploited in a number
of ways. With a givenAexciting photon energy, the ratioing

of two core levels from a given atom, e.g. the F and essent-

1s

ially core like F in a fluoro polymef surface. The

2s

F

;S/Fzs ratio will serve as a measure of the vertical homo-
geneity of the surface. If a surface is defluorinated in
the very surface or'covered by-a hydrocarbon overlayer the

attenuation of the F signal by the overlayer will be more

Fls/,
2

1ls

markéd than for the F signal, hence the

25 S intensity

ratio will decrease..

If exciting radiation of highér-photbn energy, e.g. a

o '
rons emitted from the same levels as studied with the softer

TiK ' '(4510eV)4source is used, the kinetic energies of elect-
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MgK source will be correspondingly higher and hence possess

0. -
1,2 :
longer inelastic mean free paths.93 _ Hence a harder source is

seen to possess a greater sampling depth (equation 1;13).

Thus from a combination of variable take—off_angle'
measurements over a series of levels and by the use of a variety
of X-ray sources a depth profile of the dist:ibution'of_various.

components in a surface may be built up.

1.10 The ESCA Instrumentation

The work presented in this thesis was carried ont on

two specfrometers, an AEI ES200 AA/B’and a'customised KRATOS
ES300 specfrometer. i Though they differ in detail of design:
the basic principle of operation is;the same in each case.

A schematic of the essential componenﬁs of an ESCA spectrometer
is given below in Figure 1.14 showing:

(1) X-ray source

(2) Sample chamber

(3) Electron energy analyser

(4) Electron detection and data handling.

'1.10.1 X-ray Sources

In each spectrometer, the primaryvexcitation.souroe
is.an X-ray oun of the Henke or hidden filament type,94_which
protrUdes into the source region but is isoiated from it by a
‘thin aluminium foil window. The funCtion_of the window is to
proteot £he X-réy source from conteninationvfrom the sample
analjsis chamber and to prevent excessive background interfer-

ence from stray electrons from the X-ray source. To reduce
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Figure 1.14 Schematic of ESCA.Instrumentation

the risk of X-rays being éenerated from collision of electroné.
with the window the emissiqn filament is operated at near ground
potential, whilst the térget operates at high positive poteﬁﬁial
ea +10-+15kV. A target is charactierised by the photon energy |
of its characteristic line and the width of that line. For
monochromatized Mg and Al X-ray sources the component line
widths are 0.6eV and ~0.9%eV respectively.8 "The photon energy
determines the highest binding energy of electrons that can

be excited and hence their kinetic energies and mean free paths.

A typical non-monochromatic X-ray spéctrum for a tungsten
anode is shown in Figure 1.15, the spectrum consists of the

characteristic line spectrum of the anode superimposed on a
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Figure 1.15 X-Ray emission spectrum from a tungsten anode

continuum (bremsstrahlung),lll the intensity of the character-

istic lines relative to the continuum of the bremsstrahlung
depending upon the operating conditions in particular the

accelerating voltage used.

Soft X~ray sources-are most commonly employed in ESCA
e.g. Mg, (hv = 1253.6eV) and Alka (hv = 1486.6eV). Harder
X-ray sources such as CuKa, (hv = 8048eV) and CrKa, (hv = 5415eV)
finding only occasional use. The Tika source of intermediaté

energy, 4510eV has also been used. The use of these harder

X-ray sources is likely in future Auger work.

The ES200 AA/B spectrometer is equipped with a single
MgKasturce of Henke design driven by a Marconi Elliott GX5
high voltage supply with integrally variable voltage in the
region of 0-60kV and O0.80mA emission current. Under normal
operating conditions the flux of X-rays is of the order of 0.1

rads s_l. 95



The ES300 spectrometer is equipped with a dual-anode
X—réy gun.108 with magnesium and titanium targets and a mono-

chromatised AlK X-ray source.lo The monochromatised

a

1,2
source employs a microfocus X-ray gun and diffraction from
gquartz crystals cut parallel to the 1010 plaﬁe,and the approp-
riate Bragg angle of 78.5° to achieve X-ray line widths of

0. 2eV. A range of other monochromatic X-ray sources have

also been used.

Under normal operating conditions the X—réy fluxes em-
ployed cause little or no radiation damage to the majority of
systems, that is to say, the spectra obtained show no time
dependence under.X;ray irradiation. Certain systems (in
particular chloro—polfmers), do display evidence of degradation
(e.g. dehydrochlorination) under X-ray irradiation. One of
the most notable exceptions is poly(thiocarbonyl fluoride)
which rapidly depolymerises under X-ray irradiation. The
polymers studied in this thesis did not, in the main, show any
such evidence of degradation at least durihg the timescale of
the measurement. It has been shown thatvundér irradiation from
the harder TiKa source cellﬁlose nitrateslo4 decompose and the -
weii—known X-ray induced dégradation of polyvinylchloride also

105 Whilst not showing any evidence of de-

proéeeds rapidly.
gradation under irradiation by the TiKa source in terms qf a
time dependence of the spectra obtained, prolonged irradiation
of PTFE was marked by embrittlement of the sample. Working
at higher X-ray fluxes, Wheeler and Peppé%&_have studied the
XQray degradation of PTFE on prolonged éxposure.

An extensive survey of the photon sources commonly employed

i . 107
in photoelectron spectroscopy has been compiled by H. Siegbahn.

SynchBtron rddiation has also, wifh HidAochromidtisation, been
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used in photoelectron spectroscopy: providing continubusly
variable photon energies from 20eV up to 1l000eV with a variety

of monochromators. Such sources provide polarised radiation.

The characteristic emissions of Mg and Al anodes used in
ESCA are derived from K series transitions. In addition to

the Ka line a series of satellites to this main exciting

1,2
line are also present, giving rise to satellite peaks in the
photdemission spectra. These satellites may be removed from
the exciting radiation by monochromation or their artefacts, |
satellites present in the photoelectron spectra may be removed
by appropriate numerical manipulation. The position and in-

tensity-of these satellites relative to the major peak is given

below in Table 1.3.

=

TABLE 1.3 X-Ray Satellite Energies and Infensitiesgo

Ka %,2 | %3 A | 5 | % B
Mg dhﬂﬂaament(ev) 0 8.4 10.2 117.5 {20.0 48.5.
Relative Intensity 100 8.0 4.1 0.55] 0.45 0.5
Al displacement (eV) 0 9.8 11.8 } 20.1 |23.4 69.7
Relative Intensity | 100 6.4 3.2 0.4 | 0.3 0.55

1.10.2 Sample Analysis Chamber

Figures 1.16 and l.l7_display schematic drawings
of the ES200 AA/B and ES300 spectrometer sample analysis
chambers, indicating the relative positions §f>the sample,
X-ray sources and analyser. The sample chambers are in each

case equipped with a variety of access ports and viewports.
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Figure 1.16 Schematic of ES200 Sample Analysis‘Chamber (SAC)

A. Analyser. B. Mg X-ray Source. cC. Al X-ray Source.
‘ Ko ' Ka

M. Monochromator. S. Sample Analysis Position.

V. Viewport.
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Figure 1.17 Schematic of ES300 Sample Analysis Chamber (SAC)

Analyser. B. To Pumping. C. Catcher Tray.
Penning Gauge. F. AG5 Ion Gun and Wien Filter.
Viewport. I. Sample Insertion Lock. J. Insertion
for Reservoir Shaft. X. Unused. L. Viewport.

To Monochromated Alxu Source. P. Insertion Probe.
Sample in Analysis| 1,2 '
position in front

of X-ray source.




In each case fast entry insertion locks permit rapid sample
introduction. Reaction chambers for 'iﬁ situ' sample treat-
ments may be attached ﬁo these insertion locks. The larger
ES300 spectrometer also possesses a sample preparation chamber
independently pumped by an Edwards EO4 aiffﬁsion pump with a
long-life cold trap backed by an Edwards EDM6 rotary pump.

This chamber may be used at pressures between atmospheric and

10torr) without adVersely affecting the

ultra high vacuum (<10~
pressure in the sample analysis chamber. This sample prepar-
ation chamber is also equipped with an electron gun (VG LEG31)
a variéty of view posts, and three insertion locks so_as to

provide for the simultaneous deposition of material from 2

reservoir shafts.

The ES200 sample chamber and analyser are independently
pumped by liquid nitrogen cold trapped diffusion pumps, as
is the X-ray source. The ES200 spectrometer operates typic-

8 torr . The ES300 spectro-

ally at a base pressure of 2x10
meter employs electrically driven turbomolecﬁlar pumps for
pumping of the sample chamber and analysér regions, using
Alcatel 370 1™ ' and 1201771 pumps respectively. The dual

anode X-ray gun and monochromator are pumped by small ion pumps.

The base pressure in this system is typically 2xlO—_9 torr.

-

1.10.3 Electron Enerqy Analyser

Both spectrometers employ hemispherical double
focusing analysers based upon the principle described by
Purcell.lo9 The analyser is screened from external magnetic

fields by Mu-metal shields. A survey of the various types of

the various types of analysers that have been employed in
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electron spectroscopy and the principles behind their action
is given in reference. For ESCA an analyser must be capable
of resolution of at least 1 in 104. The aﬁalyser resolution

is related to R, the mean radius of the hemispheres and the

combined width of the source and collector slits, W, by
AE _ W - |
= = ¥ (1.19)

Resolution may be improved by:

(1) Reducing the slit widths, which also reduces the'intensity_
(2) Increasing the radius of the hemispheres
(3) .By pre-retarding the electrons prior to their entry into

the analyser.

In practice a-compromise is made on slit widths and the
:radii of the hemispheres so as to thain reasonable'couht |
rates. A focusing and retérding lens érrangement is also
used to slow the electrons prior to entry into the analyser_
thus reducing the resolution requirements_of.the analyser. The
lens systeml,l2 allows the analyser to be locatéd a convenient )
disfance physically.from the sample. Lens systems have been
@eveloped wﬁich-allo& the éreaisampled by ﬁhe analyser tq be
?a;;gq, the analyser may be zoomed in and out. The next logical
step is to develop an imaging system around such a lens system
perhaps as an aiternative to the magnetic lens system developed

by Turnerlloet al.

,Thé_analyser'may be operated in two modes:
(1)  The retarding potential applied to the lens is scanned and
the pass energy as dictated by the poténtiai'applied across

the hemispheres, is kept constant,
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or (2) Scanning the retarding potential and the potential
between the analyser hemispheres in unison, keeping a

constant ratio between the two potentials.

The first method of fixed analyser transmission, (FAT), has
greater sensitivity at lower kinetic energies (Sal/E), resol-
ution being fixed throughout the'scan range. The second, fixed
retardation ratio, (FRR), has greater sensitivity at higher
kiﬁetic energies (SaE), resolution is not here constant through-
out‘the scan range. In this work the FRR mode has been exclus-
ively employed. A discussion of the sampliﬁg area and sensit-
ivity of the analysers on the ES200 and ES800 machines together
with those of other commercial spectrometers has recently been

given by Seah.ll5

1.10.4 Electron Detection and Data Aqquisition

Electrons emerging from the exit slit of the
analyser pass into the inlet aperture of a channeltron electron
multiplier.  The output pulses from the‘multiplier are ampli-
fied by a head preamplifier and fed to a data handling system
to generate ESCA spectra by one of two methods -

(1) The continuous scan, the péss energy of the analyser is
ramed in a]jnéar fashion with time from a start KE, a
ratemeter monitbring the signals from the multiplier, thus
a plot of counts per second versus kinetic energy of the
electrons may be plotted on an X-Y recorder.

(2) The step scan. The pass energy of the analyser is in-
cfeased in preset increments. At each step the counts
are (a) measured for a fixed time, or (b) a fixed number

of counts are timed. The data from such step scans is
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then stored in a multichannel analyser or transferred
directly vig a suitable interface to a mini or-microcomputer
based data system to be recorded on hard or floppy discs.

In this fashion many scans can be accumulated to average

out random fluctuations in backgfound, and thus the signal

to noise ratio of the final spectra improved.

Over prolonged periods of data acquisition, care must_be
taken to avoid artefacts such as sample decomposition, time de-
pendent charging or hydrocérbon contamination which will produce
erroneous spectra. - By the same token computerised system is an

ideal method to study such phenomena.

The advent of multidetector arrays not only opens up the
possibility of vastly increased rates of data acquisition
(£hrough the simultaneous acquisition of data over many spectral
elements) but also of another method of phdtoelectron spectro-

scopic imaging.

The spectrometers used in this study can both produce
spectra in analogue form on an x-y plotter, édditionally the
ES200 can record spectra digitally using a multichannel analyser.
In its normal mode of operation the ES300 spectrometer is con-

trolled by the KRATOS DS300 data system.

The DS300 data system is based on an LSI-1l1 minicomputer
running under RT-11. Data acquired is stored on floppy disc.
In addition to controlling the acquisition of data by the spectro
meter permitting the repeated scanning of up to 10 regions, the
data system also provides for the simultaneous analysis of déta.
The data analysis package provides for, inter alZa, the addition,
comparison, Subtraction, diffefentiation and integration of
 $pectra, the subtraction of satellites from spectra and a peék

fitting/synthesis package.
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1.11 Sample Handling

1.11.1 Solid Samples

Solid samples in the fofm of films or powders may
conveniently be studied mounted on to the spectrometer probe
tip using double sided "Scotch" édhesive insulating tape, such
sample mounting immediately results in sample changing effects.
This can be avoided by the deposifion of the sample as a thin
film onto a gold substrate by evaporation of a solution or by
sublimation, for example. Powdered samples.may also be pressed
into a gauze or a soft foil such as indium. More awkward
samples such as strips or wires may be mounted in a sample

chuck.

A typical sample insertion probe has facilities
for the heating and cooling of the sample between liquid nitrogen
temperatures and +SOOOC, by electrical heating. The cooling
of the sample enables volatile solids to be studied. Volatile
solids are often studied by the sublimation of a sample from

a capillary tube to a cooled probe tip.

1.11.2 Liquids

The study of liquids by ESCA is less well developed.
The vapour pressures of many iiquids and soivents at room tcnper-
ature are greater than 0.1 torr, thus heavy differential pumping
is required to reduce the pressure over a short distance. The
sample mﬁst also be renewed rapidly and it should be possible
to distinguish the gas and liquid phase spéctfa. These criteria
have led to the development of a number of specialised sub-
milliméterll3 liquid beam arrangements and methodsrbased upon

Wéttéd metal surfaces.114
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More routinely liquids may be_introduced via
injection into a heatable (250-1500C) evacuated reservoir
shaft. Effusion of this material through a Metrosil | .eak
into high vacuum, and its condensation on to a pre - cooled
gold plate attached to the tip of a sample probe produces a
sample surface which is being continuously renewed, in this

way contamination and radiation effects are reduced.

1.11.3 Gases

Gases may be studied either in'the condensed phase
using a cooled probe or using purpose built gas cells and

differential pumping, in the gas phase.23

Such studies in the gas phase have the advantage
of the elimination of solid state broadening and sample charging
effects, (energy referencing is easily achieved by the admixing
of a reference gas, e.g. Neon, with the samplé of interest).
Radiation damage is of no importance unless the sample is recir-
culated. Inelastic losses (extrinsic processes) and shake-up
and shake-off (intrinsic processes) may be distinguished by
‘varying the sample pressure. The absence of so many complic-
ating factors makes the direct comparison of experimentally

derived and theoretical parameters simpler.

1.12 ESCA: An Appraisal

.ESCA as should be apparent from the aforegoing discussion,
is a technique wide ranging in its scope and capabilities:
(1) The technique gives absolute binding energies, relative

peak areas and shifts in binding energies: thus permitting



elementél analysis and mapping in solids, identification
of structural features, short range effects directly, énd
longer rénge indirectly.

(2) Shake-up and shake-off satellites may be observed, their
energy separation with respect to the direct photoionisation
peaks and relative intensities of components of singiet
and triplet origin yield more long and short range inform-
ation.

(3) Multiplet effects enable the.spin statesvof systems to
be interrogated.

(4) Valénce lévels provide a probe for longer range effects.

(5) Angular dependenée studies enable depth_depéndent data to
be obtained for solids. For gases the angular dependence
of photoionisation cross-sections and the asymmetry para—‘

meter may be probed.

With the exception of hydrogen and helium for which the
core levels are also the valence levels ESCA is in principle
appliéable to any element in the periodié table. The sample
requirements are small, e.g. lo—3g of a solid, 0.1lul of a
_liquid or O.5cc of a gas at STP. The tecﬁnique is essentially
ndﬁ;destruétive. The informatibn obtained from the ESCA experi-
ment spans many levels and is often complementary to that ob-
tained by other techniques and is directly relatable to the
molecular structure and Eonding of a system, thus also dove-

tailing with theoretical investigations.

The disadvantages of ESCA are few. The costs are quite

_high, both in initial butlay and running costs. The techniqgque
o} .

has superior depth resolution, ~100A but the spatial resolution

: o
poor. If the surface layer is comparatively thick, ~100 A,
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then it is not possible to determine the bulk composition
by ESCA without the removal of the sample surface either by

sectioning or scraping or (less desirable) by ion milling.



CHAPTER TWO

PHYSICOCHEMICAL ASPECTS OF PLASMAS

AND ION BEAM BOMBARDMENT

54
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2.1 Plasmas

2.1.1 Fundamental Aspects of Plasmas

By subjecting a gas at the appropriate pressure
to an eléctric or electromagnetic field, a discharge may be
obtained. The term plasma refers to a partially ionised
gaseous state consisting of molecules, atoms and ions in both
ground and excited states (including metastable states) and
electrons such that the concentration of positively and negat-
ively charged species result in dose to overall electrical
neutrality. The term plasma was coined by Langmuirll6 to
denote the main part of the gas discharge (as opposed to the
region in the immediate vicinity of a reactor wall or electrode,
which was denoted as a sheath). De—excitatioﬁ of. excited
states (electronic, vibrational and rotational) produces a
wide range of electromagnetic radiation. Plasmas are charact-
erised by their electron density and the average electron energy.
The ubiquitous nature of plasmas is emphasised by Figure 2.1,
in which the various plasmas found in nature and produced in
the laboratory are summarised. The regime of most interest to
chemists is that of the glow aischarge or non-equilibrium, "cool"
plasma, cha;acterised by electron densities in the range
109—1012 cm_3 and average electron energies in the range 1-10eV.
Cool or non-equilibrium plasmas are characterised by electron
temperatures.somebtwo orders of magnitude greater than the
Boltzmann temperatures of the ions and molecules, which are
rbughly ambiént. This contrasts with the "hot" or equilibrium
plasmas, eg arcs and plasma torches, which are characterised by
a high gas temperature and an approximate equality between gas

and electron temperatures.
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' Figure 2.1 Plasmas characterised by their charge density
and electron energy
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The plasma criterion of overall electrical'neutra—

lity is satisfied when the dimensions of the discharged volume

are significantly greater than the Debye length,ll7 AD given

by equation 2.1. AD defines the distance over which a charge

A =

1
E kT )72
O e
D

2
ne

imbdlance may exist. EO is the permitivity of free space,
k is the Boltzmann constant, Te is the electron temperature,

n the electron density and»é the charge on the electron.

In the gas phase, the dominant‘mechanism of energy
transfer is by electron impacﬁ (Figu;e 2.2), electrons, acceler-
ated by the applied field, collide with the gas molecules to
yield radicals, metastables, ions and more.eiectrons. Elastic
collisions lead to only a very small energy transfer. Few
attempts have been made to characterise plasmas in terms of the
energy distributions of ions, electrons and metastables. For
simple systems expressions describing electrop energy distribut-
ions as a function of énergy imput, discharge dimensions, gas
pressﬁre and properties of the discharge gasvlead to a Maxwe;lian
aistribution‘of electron energies, Figure 2.3 depicts the
situaﬁibn for hyd?ogen. Experimentally the average electron
xenérgies may be anélyséd by electrical probe measurementsll&'119
and direct electron sa@pling.75 Though such measurements are
hampered by’the-diéturﬁance of the electron energy distribution
by the presence of the probe or charging of materials introduced
'into the piasma environment. Plasmas_éisb provide a copioﬁs
‘ songe 6f electromagnetic radiation,from the vacuum ultra-

violet through the visible tovthe infra-red.



Figure 2.2 Collision procésses in plasmas
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Figure 2.3 Maxwellian distribution of electron eniergie’s :
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2.1.2 Technigues

Three distinct.areas are of interest: the source
of electrical power to sustain the plasma;-ﬁhe coﬁpling mechanism;
and what is loosely termed "the plasma envirqnment".- _This is
illustrated schematically in Figure 2.4. Early work mostly
involved the use of electroded AC and DC disehargelzo_l23
sdurces, however the greater flexibiliﬁy and closer control
over operating parameters has shifted the emphasis towards the

use of electrodeless inductively coupled radid frequency and

microwave plasmas.

Electroded discharges, in which:electrodee are
blaced‘withih the discharging medium may involve D.C. or A.C.
.ahd R.F..pewef. | These systems suffer from electrode contamin-
ation during.use, material being spattered from and deposited
on the electrodes during the experiment. More flexible arrange- -
ments involve the use of electrodeless R.F. discharges, for
instance inductiQely or capacitively coupled system or systems
involving'a microwave cavity which may be of e demounteble form

conveniently attached externally to a cylindrical reactor.124

The operating parameters of a giow discharge experiment
are those of powe? inpgt and operating é:essure. Powers ranging:
from O.1W to several kilowatts may be used. ~Low frequency and
- DC discharges are usuaily characterised in terms ofAthe yoltage
and cur;enﬁ supplied tq the electrodes (typically in the range
'»lO—lCOV aﬁd ~1A at 1l torr pressure). R.F. ahd microwave dis-
cherges requireesemewhat more expensive and complex instrumeqt—
fation to charactefise:- .operating pressures fanging from
A0.01 torr With R.f; and microwave discharges to etmospherie

pressure for D.C. discharges. Lower power levels (<1.0OW) are
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Figure 2.4 Elements of a Glow Discharge Experiment
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generally difficult to sustain but when using R.F. power
stable dischargeé may be maintained by pulsing the power input-

on the millisecond timescale.

2.1.3 Reactive Species in Plasmas

Plasmas contain a wide variety of species formed
by the collision of electrons accelerated by the electric field
with the gas. Many of these species are sﬁfficiently energetip
to cause chemical reactions, the energies typically associated.
with such species and some.bond energies for organic molecules
are compared in Figure 2.5. A plasma typically contains
‘électfons ions (positive and negative, metstables, neutral
molecules and free radicals in ground and excited states and
emiﬁs photons of a variety of energies. Thus a plasma is seen
tO‘be a complex entity overall, only for the.Simplest systems
hés any aﬁtempt been made to characterise a givenrsystem'uhder

125

standard operating conditions. Discussions of more complex -

systéms126

notably perfluoroaromatic and peffluoroheterocyclic
~polymer forming systems have centred upon the_predictioh of |
>whét states and éathways td rearrangement might be possible given
SQme‘idea of thé~electron energy distribution of such plasmas.

On tﬁe basis of.detailéd semiempirical L.C.A.0. molecular

orbital calculations tpé relativé importance of a variety of
poétulated intermediatés in the polymerisatidh process has been
discussed.. The work in this thesis has conceﬁtrated‘upon treat-
‘ménts éxcited in'hydroéen (Chapter Three). Détailed coverage
fof_the»dheﬁical aspects of electricaltdischarges»is to be founé_
127 128

in the bookS‘bthcTaggart and Hollahan and Bell.
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 Figure 2.5 ‘Energetics of Typical Plasma Species

Ehergies associated with a glow_discharge.
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Whilst electrons play a dominant role in the
plasma,itself, in the interaction of plasmas with polymer
surfaces their role is thought to be secondary. Extrapolating
from mean free paths obtained for electrons ln polymers at
higher kinetic energies using the generalised form of the
mean free path as a function of energy suggests mean free paths’
-:in the range of hundreds of Rngstroms for low.energy electrons
in'polymers. This being the case, direct energy transfer in
the surface region is expected to be‘relatively small.129
Such arguments are based upon an inversion of the situation
encountered in the determination sampling depths in photo-
electron spectroscopy. However the electron flux from a
plasma 1mp1ng1ng upon a surface may not be incident normal
‘to ‘the surface and the energy dlstrlbutlon may be perturbed
-by the formatlon of a sheath 1ayer round an . 1nsulat1ng sample
:1mmersed in a plasma. Secondary electrons can also be gener-

ated by ions collldlng with the substrate.

The role of direct energy’transfer by ions and
' metastables to the%polymer matrix in the surface modification
fof polymérS»by inert gas discharges has been stressed in the.

:Work of Clark and Dilks.’130 Ions approaching metal surfaces

‘131

k)

gare neutralised w1th high eff1c1ency in an Auger type process,

such 1nteractions forming the basis for a sensitive spectroscopic

technique developed by Hagstrum132 (Ion Neutralisation Spectro-
scopy) The mean free paths'of argon ions and metstables are
expected to be of the order of a few monolayers. - The mean free

_paths of chemlcally reactlve radlcals, eg hydrogen atoms in

Vgsurfaces are less well 1nvest1gated.v Sticking coefficients

and'recomblnatlon‘coefflclents fortradicals'On well character-

3

iséd siirfaces are virtually unknown. tHe lhteraction Of
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of hydrogen atoms with polymer surfaces has been estimated

to take place over a wide range of depth scales (see Chapter Three)

The interaction of surfaces wiﬁh low pressure,plaémas
has been the subject of an extensive and lucid review by
Winters,131 in which the separate roles of ions, electrons and
neutrals in surface modification are detailed, though the review

centres on electroded systems.

The production of ions and radicals within the
polymer matrix by exposure to a plasma provide a variety of
mechanisms by which the surfaces of polymers may be functionalised

and crosslinked.

2.1.4 Applications of Plasma Chemistry

Plaama chemistry has found application to a wide

'-_ range of topicsvoancademic and technological ;nterest, in many
eases the driving.foree being the develonment of a process to
avoid tbe use of Wwet";solution techniqﬁes, gas discharges
offering a cleaner, dry technlque with a hlgh degree of control.
Some ‘areas in whlch plasma chemlstry has found application are

“detalled below;, Prominent amongst these appllcatlons are the
.depositioﬁ'ana removal!of thin filme, inorganic and organic by

~plasma techniques often involved in the electronics industry.

TABLE 2.1 Scope of Application of Plasma Technigues

(i) Chemistry: synthesis
: - : rearrangement
degradation
polymerisation

C(id) Surface modification of polymers:
cross-linking

oxidation
grafting
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(Table 2.1 contd..... )
(1iii) Ashing, Etching and Sputtering:

Sample preparation for trace element analysis
Sample thinning
Thin film (resist) removal.

The possibilities for the use of cool plasma technique
in preparative organic chemistry have been investigated by a
number of workefs, notably by Suhr133 and co-workers. Cool
plasmas offering a variety of means, eg electrons, photons, by

means of which energy may be transferred to molecules. Re-

actions typically occurring in glow discharges are:

(1) Generation of atoms or radicals

(2) TIsomerisation

(3) .Elimination of atoms or small‘molecules

(4) Dimerisation, polymerisation

(5) Complete scrambling or destruction of molecules.
Parallels have been drawn between the products of

reactions in plasma discharges and those of photolysis133 and

pyrolysis134 reactions. Often the relationship between the

produéts and reactanté is complex‘and the mechanisms of re-

action difficult to study. The operating parameters of

pressure, flowrate and power must be optimised for every re-

action.

Of the possible reactions outlined above, polymer-
isation is an ever present problem in plasma organic synthesis,

but has spawned a particularly_active area of research in the

1,136,145

glow discharge synthesis of polymers. Plasma polymer-
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isation offers the capability of prodncing.thin, uniform,
pinhole free films having desirable chemical, electrical and
mechanical properties.  The process suffefschowever from the
disadvantage that films cannot be produced to a predetermined
stoichiometry, the films are highly crosslinked and thick

films are brittle and discoloured.

The basis experimentelvarrangement involves the
ihtroduction of a monomer into'an appropriate reactor in‘thch
the discharge is excited, the polymer beino deposited over the
internal surfaces of the reactor. vThe monomer vapour may be.
diluted witn a variety of»ca:rier gases (usuelly noble gases)
or reactive gases added. Due to the intracteble nature of
these films, the solution based techniques of'polymer character-.
'ieation'cannot be applied. -Avnumber of techniques have been
appiied to'the characterisation_of such filns, amongst these
ESCA-has proved particularly‘valuable.

Plasmas heve also been used to graft material to
.po]‘.ymer.su.l:faces,l?’?—139 either by the depoSition of a plasma
polymerlsed film upon the surface or its activation for the

. 1n1t1atlon of a conventlonal free~radical polymerlsatlon process

at*the surface.

Plasmas may also be used in the initiation7of_more
no:mel types of polyﬁerisation. The formation of a polymer
_film at the'interface of a monomer and its vapour by a glow
discherge created by a leak tester (Tesla coil) has been'ref>

'_portedrby Otazai et azl35 and‘Kikuchi_and Tsude.143 " Osada,

_Bellnand She‘n144 nave’used this principle to polymerise liquid
v1nyl monomers by 1nsert1ng a sealed ampoule between a pair of

parallel plate electrodes connected to a 13.5MHz RF generator.
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The polymers formed are very high molecular weight products,

containing no traces of catalyst or initiator residues.

Plasmas excited in a variety of gases have also
been employed to modify the surface properties of polymeric
materials. Further consideration of this aspect of plasmé

chemistry will be given in Chapter Three.

2.2 Ion Beams

2.2.1 The Interactions of Ion Beams with Polymer Surfaces

In order to understand the complex processes involved
in plasma-surface interactions attention has been focussed upon
the use of controlled beams and well-defined surfaces to model
theée interactions in an attempt to abstract one element of a

140-141 o h studies are also

plasma from those available.
worthwhile pursuing in theirvownvright, providing a controlled
method for the treatment of specific areas of a surface, naively
bearing the same relationship to plasma modification as ion beam
1ithography tb plasma ashing. Suggestions that the synergistic
_effects between ions electrons, ions, photons and radicals
impinging on sﬁrfaces immersed in a plasma should be studied,
should ideally wait until the effects of each in isolation is

understood.l4q

Broad classification of the effects of ions impinging
‘Qn surfaces into physical and chemical have been attempted.142
~ Physical interactions'including such processes as ion implant-

ation, spattering scattering, surface reconstruction, surface

heating and the dissociation by collision of impinging molecular



ions. Chemical interactions include the chemical reéctions

of the impinging ions with the substrate, eg chemisorption and
adsorption, and the formation of new chemical bonds within the
substrate. As a result of these interactions atomic and
molecular species, electrons and photons are emitted: the
study of the range of positively and negatively charged ions
emitted on bombardment fofmingAthe basis of the secondary ion

mass spectroscopy of surfaces.

2.2.2 The Depth of Ion Beam Modification

Attempts to understand the interaction of ions
with surfaces héve centred upon classical treatments of the
nuclear-nuclear interactionslégtweenithe nucleii in the surface 
and the incoming ion, these being the dominant mechanism govern-
ing theAdepth of penetration of ions into surfaces, e billiard
ball type céllisionsf |

Such a treatment forms the basis of the treatment
developed.by Linhard, Schaff and Schi¢téA7(£g% theory) . Whilst'
adequate in predicting ion ranges and implantation depths and
hence apprdximately the thickness of the damaged layer for
higher ion energies (?lO keV) LSS theory is poorer in predicting
ranges at lower incidgnt ion energies. Whilst at lower ion
energies, al keV the depth of damége has been found to depend
on the 2/3>power of the ion'energy as predicted by the low energy
nuclear limit of LSS theory, the predicted ranges are lower than
the experihental,ranges bf a factor of 3—4%“ngitrapolation to
16wer Z target materials is also considered risky, though LSS
theory has been'invoked by authors to prediét ion ranges in

151,146

polymers at low ion beam energies (1 keV). igure 2.6 shows
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Figure 2.6 Argon Ion Ranges as Predicted by LSS Theory
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.the variation of ion rangesowith energy prediCted for argon

ions in graphite (p = 2.25g/cm3) and a polymer (pWIg/cm3).

At lower enetgies estimates.of ion ranges and damage depths in
inorganic solids have been‘made using ESCA measurements. At
lower ion energies, as the ion is slowed by coliision within the

medium, electronic stopping mechanisms become more important.

2.2.3 Modifications Introduced by Ion Beam Bombardment

When ions impinge upon a surface a variety of
152
»changeS'are to be expected: (Figure 2.7).

(a) Loss of surface atoms from the very surface due to
emission of atomic ahd molecular particlea and recoil
1mplantat10n. |

A(b) Implantation of prlmary 1ons and recoil surface atoms..

(<) Lattlce reconstruction.

(d) Chemical effects,‘eg'bond bfeaking and formation.

Ih secondary Ion.Mass Spectrometty, SIMS,‘mass

, analysis of the emitted secondary ions is used to infer the
chemical composition and structure of the sutface region. These
changes in the eurface are also accompanied by secondary electron

and photon emission.

Ions approachlng metal surfaces stand a high pro-
bablllty of belng neutrallsed the probability that this neutral-
isation process is accompanied by»photon emission being very
Sﬁall}32 The neutralisation is accompanied byithe secondary
'emiasion of electrbns in.an Auger type process. Such‘processes
form the basis of Ion Neutralisation Spectroscopy developed by
iVHagstrum}32 At low ion energles,_ <lkV most secondary electrons

arecemltted as a consequence of the potential energy of the in-
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Figure 2.7 TIon Bombardment Induced Charges in a Solid
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coming ion, at higher energies kinetic ejection of electrons
becomes important, increasingly so as the kinetic energy of the
impinging ion is raised. Thus as the ion is stopped in the
solid, a flux of low energy (<20eV) secondary electrons is gener-
ated, the yield of secondary electrons haQing been correlated
with the electronic stopping power, the energy loss per unit

pathlength due to electronic excitations within the substrate.

When an ion approaches a surface, it is neutralised
and then begins to lose energy to the latticé viag electronic and
nuclear collisional processes, at lower ion energies, <5keV,
nuclear collisional losses dominate. The energy deposited in
these so-called "nuclear loss" processes leads to motion of the
lattice atoms. Most theories to describe the interaction of
the incident ions rely on being able to treat the path of the
ion in the solid as a series of binary collisions. During
penetration into the lattice as the energy of the particle is
dissipated only a small fraction of the energy is imparted to
particles with momentum directions pointing out of the surface.
The average energy of these sputtered partices is +5-15 eV for
incident ion energies of a few keV.153Only a small proportion of

the spattered particles are charged.

The ejection of material from a surface under bom-
bardment by energetic ions or neutrals is known as sputtering.
The sputtering yiéld ié defined as the number of target atoms
ejected per incident ion. In the application of secondary ion
‘emission as an analytical tool it is necessary to establish a )
relationship betwéen tbe atomic and molecular structure of the
surface ana of the emitted species. Where the sputtering yield
of one component of a surface is higher than another, the sur-

face will be depleted more rapidly of that component. Sputtering
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154,156
coefficients have been determined for the pure elements, however,

in multicomponent systems the situation is complicated, a range
of ions, over and above the range of simpie clusters emitted by
pare eiements, can be emitted, each with its own sputtering
probability.lszAt a’more Qualitative level'the ion bombardment
of organic surfaces results in the formation of series of
molecular ions, the spectra of which are readily interpretable
given the familiar basis of the electron impact ionisation mass

153

spectroscopy of organic compounds. In this case the structure

of the surface may be inferred from the fragments produced.

Whenrspecies are remoyed'from a surface or displaced,
a vacancy is created and the sUrface will then reconstruct or
rearrange. New bonds are formed. This is especially evident in
. organic systems where molecules‘undergo extensive crosslinking

upon bombardment.

The process of secondary ion emission has been
157-159
treated theoretically by a number of workers, notable amongst
: 159 : ,
these being»Andersen.' Andersen postulates the formation of

a dense plasma in the bombarded area and the éxistence of an

equilibrium between neutral and charged species and electrons.

In secondary ion mass spectroscopy a somewhat artiff
icial'partition is made between the so-~-called,  low damage, low
dose or.static SIMS ana the.higher doses of dynamic SIMS. In
static SIMS low currents (<lnA/cm2) are used so as to guarantee
a low probablllty of the areas perturbed by ions sampllng the
surface overlapplng each other during an experlment.]'52 Inter-
'pretatlons of this crlter;on in the llterature appear to vary.

In a'dynamic'SIMS expériment, high primary ion current densities

are used'resulting in the removal of many monolayers of material



75

whereas at the current densities used in static SIMS a mono-

layer of material might have a lifetime of many hours.

In this thesis ESCA has been employed to investigate
some facets of the interaction of ion beams with polymer sur-
faces. The current densities and doses employed<are'inter—

mediate between the two regimes of static and dynamic SIMS.

2.2.4 Ion Induced Modification of Polymer Systems

Studies of thé low energy ion bombardment of
polymer surfaces spanning a wide'rahge of opérating conditions
have:been repor£ed in the litérature%6o-%73ide range of ions,
frbm noble gas ions td'ions derivéd from molecular species such
as CF4 and N2 are employed. Ion fluxes varying over six orders
of magnitude, from the regiﬁe 6f static SIMS to the fluxes
generéted by deviées designed for ion_implantation and space-
‘craft propulsion, have been used. The ion beam modifiéaﬁion.
of polymer surfaces produces both physical and chemical chanées
in the surface. At higher fluxes sputtering results in the
rapid removal of the surface layers:of the'polymer, crfstallihe
polymefs yield high aspect core structures on bombardment,
émorphous polymers un@grgoiﬁg rapid etchingvét surface defects.
Dwigh%é%ound these etéhing and:sputtering processes to have
little relationship tq the chemic%l functionality present in the
.'original polymer. The ESCA analysis of this bombarded layer
found a éarbonaceous layer, denuded of the most electronegative
‘elements in the ﬁ)olymer° The fluxes employéd in these studies
‘were of the,order of 0.1 mA/cmz, exposuré timés~ranging'from
minutesbto hoqrs. Using quartz-microbalance teéhniquesﬁo
monitor»the sputtering rates, ESCA being employed to monitor

the chemistry of the .selvidge layer After bombardment Ullewig
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and Evans %nvestigated the sputtering of siloxane films,

polymethylmethacrylate and polystyrene films. Whilst the
sp ttering of the polymers was found to differ, it was con-
cluded that on sputtering the polymers approached a common

structure after extended periods of bombardment.

Soveylggs employed higher argon ion fluxes in
investigating the sp: ctering behaviour of fluoropolymer films
at low ion energies (250-1000eV), the etch rates were found
to increase by about a factor of ten as the ion energy was
varied from 250 to 1000 eV. bAt the current densities employed
the sample had to be cooled. . The.ESCA spectra of the exposed
samples, whilst stili displaying a high degree of fluorocarbon‘
._functionality; the Cle spectra reveal the formation of carbon—
aceous, lower binding energy materials, similar to that observed
bijossedgelg%on argon ion bombardment of P.T.F.E. Rabalaisl51
has also'investigated the bombardment of teflon surfaces by
argon and genon ion beams, the ESCA spectra reveal modification
~ which is qualitativelg-the same as that'found in previous studiee.
The emphasisbin’this work is on the implantation and trapping of
the inert gas atoms on bombardment and the saturation dose re-
quired not the m1n1mum dose required to produce a modified o
surface. In a prellminary experiment Clargninvestigated the
'ointeraction of a 2kv, ?uA argon ion beam with a tetrafluoro- |
ethylene-ethylene copoiymer;surface for exposnres of up to 30s.
(The current density used ie not stated and the experiment is.
compllcated by the presence of the UV—v151ble discharge from h.
the cold cathode ion source employed), The effects of the 1on
beam irradiation of this pOlfmer is comparable to those produced
by the exposure of the same polymer to.an argon glow discharge

as 1nvestigated by Clark and Dilks130
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Working at much lower ion current densities,
162-164

Holm and Storp showed that after only a relatively

by low energy argon ions, changes were reaaily observéd in
the surface regions of polystyrene. A treatment time of 20
sec. at BOOmA/cm2 by 5keV argon ions (zl.lol4 ions per cm2)
is sufficient to destroy the shake-up satellite to the ClS
signal in the ESCA spectrum. From this it was concluded that
destruction of the phenyl group had taken place, f¢ "one of the
most stable basic units of organic chemistry" had been destroyed.

On prolonged bombardment, the C spectrum broadens and deVelops

1s
an asymmetric tailing to higher binding energies. An organic

salt, zinc phenyl sulphinate, was found to be similarly sensitive.

The modification of polymer surfaces by inert gas
ion beams has also been investigated in the context of SIMS and
ISS investigations of polymer surfaces. Gardella and Hercules
have investigated the surface sensitivity of ISS as demonstrated
by the fact that whilgt the initial spectra of PTFE show only
a peak due to F due to shielding of the carbon skeleton by
F atoms, ion beam induced damage, e C and O detéctable, became
apparent after only 4.5 x 10%® ions — (Né+ at 2kv). This
represents a dose aﬁ least 3 orders of magnitude greater than
that required to detect modification of the sample surface in

74
the C spectra of PTFE. Briggs has shown that the ion dose.

1s
required to cause extensive damage to a polymer is much less
than that inferred by Gardella and Hercules.l7O The same authors
have used SIMS and ESCA to investigate polyalkylmethacrylates |
and the hydrolysis of polymethyl and t-butyl methacrylate sur-
faces. From their investigations they concluded that reaction
was best followed by SIMS, ESCA was nét sensitive enough to

detect the small degree of hydrolysis that had occurred. How-

ever their experimental conditions weré pbdfiy characterised.
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165 ‘
Campana et al used SIMS to study a similar series of alkyl

methacrylate polymers under somewhat better characterised
conditions. In a series of papers, mindful of the extreme
sensitivity of polymeric materials to damage by ion and elect-
153,160,161,172 , :
ron beams, Briggs has obtained very good signal to noise ratio
spectra for a series of polymers using very low damage conditions
(ion current densities ~lnA cm_z). Only on extended bombard-
ment at this current density was ion beam induced damage noted

in the ESCA spectra.

Using relatively high energy beams of F+, Weber et al 175

have.implanted fiims of polyacetylene. The treated film

showed improved electrical propérties and resistance to atmos-
pheric oxidatioh. Using ESCA the implanted fluorine is deduced
to'be covalently bound to the polymer chain, though the ClS
~core level spectra fof ﬁhe implanted films are not presented,

the extent of crosslinking’of, and damage to the polymer due

to such treatment was not considered.

146 _
Rabalais et aql have used fluorine-containing ion beams

derived from tetraflyoromethane to fluqrinate'polybutadiene,
poly@hyreﬁé and polyaCétylene films, ESCA being used to charact-

erise the functionaliggq surfaces. Bombardment with F' ions

(4.5 x'lO14 ions cm_z)iand CF3+(Ff = 6.2 x lO14 ions cm_2)
introduces -CHF- and -CF,- functionalities, equivalent to the

fluorination of a 2-8% thick surface layer.

Using high fluxes of ions derived from oxygen and nitrogen,
“Mayoﬁx et‘aZ>have'produced extensive functionalisation of poly-
ethylene surféces detectable in the MATR. IR spectra of the

irradiated surface.
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. Investigations of the ion beam modifiéétion of polymer
surfaces have followed éssentially two paths: the use of

high doses to modify polymer surfaces, often using ion doses
many times that required to form an equilibrium selvidge layer:
ioh beam methods of surface analysis, in which modification of:
the surface is implicit, however the modification should nbt

be so gréat as to falsify the results of the analysis. Re-
latively little attention has been paid to the chemistryvof

the boundary layer formed by treatment of polymer surfaces

with low doses of ions.



CHAPTER THREE

THE INTERACTIONS OF A HYDROGEN PLASMA

WITH FLUOROPOLYMER SURFACES

80
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3.1 Introduction

Polytetrafluoroethene, PTFE, displays many highly desir-

able bulk and surface properties, eg. its high thermal stabil-

179,180 low surface energy181 and

182,183

ity, chemical inertness,
extremely low coefficient of friction. These pro-
'perties, which often dictate the polymer's choice for a given
application, paradoxically present considerable problems, (eg.
of adhesion or wettability) in creating an interface to another
material: forming an adhesive bond to or cbating PTFE being

virtually impossible without some form of pretreatment of

the polymer surface.

In this context, a variety of treatments have been em-
ployed to activate PTFE surfaces to promote adhesion. A

review of some of these treatments has recently been given

by Dahm.178 A cross-section of methods employed is given

below. |

(a) Sodium—-liquid'ammonia185 and sodium naphthalide
treatmentslg4.

(b) Reduction with an electrochemically generated tetra-

alkyl ammonium radical anion salt solution.186

(c) Treatment at elevated temperatures with alkali metal

vapours derived from a variety of sources.189

(d) Treatment with alkali metal amalgams.187’188

(e) Electrochemical reduction of a surface when placed in

contact with a metal cathode in a non-aqueous electrolyte.

(£) Treatment with a Corona discharge.190

91 192,168

(g) Electronl and Ion beam irradiation (see

Chapter Four).
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(h) Vacuum deposition of metals, with or without193’194

subsequent removal.

195 199

(i) Plasma modification and grafting techniques.

To date the "wet" techniques have been most fully ex-
ploited commercially however the difficulty of controlling
the depth profile of the modification and problems of impur-
ities introduced by solution techniques hae focussed interest
on the use of gas-solid discharge techniques to effect con-

trolled changes in surface chemistry.

In elucidating the mechanisms of‘action_of the various
treatments, the tools of surface science (eg. ESCA, SIMS, ISS)
have been used extensively to monitor the introduction of
functional groups and changes in surface chemistry produced
by these treatments. In investigating the surface treatments
produced by solution techniques ESCA has.been used by several
groups to investigate the nature of the carbonaceous layer
produced. Brecht et 41196 and Dwight and Riggs197 independently
investigated the defluorinated surface and showed the surface
to consist mainly of carbon theugh a large amount of oxygen
was also detected even when the surfaces were prepared in an
inert atmosphere glove box. In the course of their studies

168

of PTFE-metal interactions Cadman and Gossedge made extensive

use of ESCA, touching also upon the defluorination of PTFE
produced by Argon ion bombardment of the surface. Several
groups of workers have employed ESCA in the study of modific-

ations of fluoropolymer surfaces produced by the vacuum depos-

198,192 198

ition of metal films and their subsequent removal.

The use of glow discharge and corona treatments to produce

195,201-204

surface modifications in fluoropolymers has also been
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extensively studied. Such studies have shown that in con-
trast to the drastic changes in properties such as colour and
texture of the polymer surface induced by wet chemical tech-
niques, discharge treatments can effect controlled changes

in surface chemistry whilst limiting the depth of the altered-
layer so as not to seriously affect the appearance of the

195,199 fouﬁd

surface. In some early work Schonhorn and Hansen
that the exposure of polyolefins and perfluoropolymers to low
power RF electrodeless discharges in inert gases produced large
improvements in the bondability of the surfaces, comparable to
those improvements obtainable via wet chemical methods: this
improvement in adhesién being attributed to the formation of

a highly crosslinked éurface layer. Schonhorn dubbed this
treatment CASING,199 (Crossiinking by Activated Species of

Inert Gases).

Subsequent ESCA studies on prototype fluoropolymer systems
have allowed a detailed interrogation of surface chemistry as
a function of reaction parameters. Such studies have allowed
the relative importance of direct energy transfer and radiative
processes to be estimated. Whilst extended reaction times
may be required for a sufficiently highly crosslinked surface
to be formed as in thevpreviously mentioned experiments of
Schonhorn et aZ,2QO using ESCA, quite drastic changes in sur-
face chemistry become apparent after very modest treatments.
Early studies by Hollahan206 aimeéd  to render polymer surfaces
biocompatible incluaed the interaction of PTFE with plasmas
excited in NH3 ahd N_é/H2 mixtures: the goal being the intro-
duction of amino groups into thé polymer suffaée, the concen-

tration of these groups béing determined by the surface's uptake

of radioactively labelled heparin molecules. Qualitative
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observation of wettability were also made. The long exposure
times and the high powers employed in the work (RF plasma
capacitively coupled >200W, >3 hrs) must also have produced
great changes not only in the sufface chemistry but also well
into the bulk, the morphology of the surface also being severe-
ly effected. An early ESCA study204 of this system, under
more controlled conditions revealed that both nitrogen and oxygen
fuhctionalities were introduced by ammonia and nitrogen/
hydrogen discharge treatments. The_interpretation of the ESCA
data however was hampered by the lack of sufficient background
data at that time with which to make peak component assignmenté.
The timefdependence of the treatment was investigated to a |
limited extent, no attempt was however made to investigate

the power dependence. Complementary studies of the IR spectra
and contact angles were also reported. The treatment however
produced a darkening of the polymer surface and scanning elect-

ron microscopy revealed extensive physical medification of

the surfaces.

In another ESCA study, Yasuda and co-workers201 invest-
igated, gqualitatively, the‘effects of discharges in argon and
nitrogen on ﬁhe-suffage chemistry of a range of polymers.  PTFL
was found to be particularly suscéptible to defluorination and
the introduction of oxygen'and nitrégen moieties into its ‘

surface.

Mass spectroscopic analysis of the reaction products from
the interaction of a variety'of noble gases and reactive gases
such as oxygen and hydrogen has been used to investigate the

207

interactions of discharges with PTFE surfaces. In these

studies the major species detected contained only one carbon
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atom. Fragments containing more than one carbon atom were
rare. In a hydrogen discharge little etching was observed.
This study was however conducted on plasma polymerised tetra-
fluoroethene, whose structure may'not be directly comparable

with PTFE obtained by more conventional routes.

In studying the interaction of plasmas Qith polymer sur-
faces a variety of probes are commonly used ranging from
measurements of contact angles and adhesive bond strengths
from the results of whiéh the polarity of the surface may be
inferred and its chemistry speculated upon, through multiple
total internal reflection infra-red studies which probe the
topmost micron of a surface but often fail to reveal the chem-
ical modifications of surfaces brought about by very light
discharge treatments. There have élso been a limited number

of studies by ESR of hydrogen discharge208'209'215

treated
PTFE but these provide no direct indication of modifications
in surface chemistry, merely confirming the role of radicals

in the process.

» 72,78,13C
‘Previous work in these laboratories by Clark and Dilks

has‘shown the utility of ESCA for monitoring, in considerable

detail, thechanges in surface chemistry proddced by mi;d plasma
treatments. More recently attention has turned to the inter-
action.of reactive gas plasmas to effect the functionalisation

of polymer surfaces.

In this study the interaction of PTFE surfaces with low
powered inductivély coupled RF plasmas éxcited in hydrogen has
been investigated. . Under the operating conditions employed,

the predominant reactive species present was atomic hydrogen.
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At higher discharge‘pressures (30—300vTorr) hydrogen atoms
combine in three-body collisions to give persistent, unstable
molecules which retain much of the energy of recombination.
The plasma condition of overall electricai neutrality is ful-

+

filled by the presence of H3+, H2 and H+ species up to an ion

density of 109—10ll ions per‘cm3. 127 In summary then the re-
actions in the discharge could be due to the following species:
hydrogen atoms (H'), excited hydrogen atoms (H'*), excited

hydrogen molecules Hz*), the ions mentioned above and low

enerqgy electrons.

3.2 Experimental

3.2.1 Plasma Instrumentation and Reactors

Two reactor configurations were employed in the
study. In a preiiminary series of experiments, plasma modif-
ications were effected using an inverted “T" shaped reactor
as indicated schematically in Figure 3.1 (a):. samples being
~introduced via a detachable end cap sealed with a viton "o"
ring. The sample rested oh a glass slide lying in the lower
tube of the reactor, ap the bridge of the "T"; The apparatus
was constructed of glass %6em internal diameter with a 10 turn,
7uH copper coil electrede wound externally as indicated. In
this arrangement the sample lay some 12cm below the centre of

the discharge zone.

More detailed investigations were conducted in a
second reactor of differing construction as illustrated in
‘ Figure 3.1(b). This reactor consisted of a flanged Pyrex tube,

l6cm in length, 5cm in diameter, mounted sandwiched between two
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Figure 3.1 PReactor Configurations Employed
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stainless steel flanges sealing on recessed "O" rings. The
system was pumped via a 3/8“ flexible tube connected to a
vacuum line. Samples'were mounted on a double sided stain-
less steel probe-tip attached to a %" diameter stainless steel
probe sealing on "O" rings, which allowed the rapid removal of
the sample for analysis. Discharges were.excited via an ex-
ternally wound 9 turn, 6uH copper coil eleétrode. In this re-
actor the sample was positioned at the very centre of the glow
region, the sample probe axis being concentric with that of

the exciting coil. This contrasts with the sample position

in the previously described reactor.

Prior to use each reactér was cleaned by exciting
a hydrogen plasma at a power loading of +30W for % hr. In
thisAway the transfer of hydrocarbon éontamination from the
reactor walls to the polymer surface during treatment was
minimised. A hYdrogen plasma has alsb been fbund to be very
effective in removing hydrocarbon contamination from gold sub-

strates employed in many studies in these laboratories.

In each case the reactors were ¢onnected to a
vacuum line of grease-free conétruction pumped by a ZOOil.min—-l
two stage rotary pump, (Edwérds ED200) : pressure measurement
~being achieved in the.forme; case by a Pirani gauge and in the
lattef by a thermocouple vaéuum gauge calibrated using a
McLeod gauge. Taking into:account the respective sensitivies
of the gauge heads to hydrogen, the preliminary work was con-
ducted at .08 torr and the more detailed investigations at
.12 torr, in each case using a 0.2 torr graduétion as a con-
venient set point in setting the correct pressure; gas being

introduced vZa a leak valve.
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Plasmas were excited by a Tegal Corporation l3.55MHz
radio-frequency generator capable of delivering a power output
from 0.05-100 watts, continuously variable. At low powers the
generator was operated in a pulsed mode to give greater stabil-
ity to the plasma when low average power loadings were required.
The generator was matched to the external indﬁctive load via
an L -C matching network, power transferred and standing
wave ratios being monitored by a Heathkit HM102 RF power meter.
This network serves to match the external locad to the output
impedance of the generator thus ensuring maximum power transfer

to the external circuit and protect the generator.

3.2.2 Polymer Samples and Sample Prqparatioh

The investigation concerned itself with two
homopolymers studied in film form:
(1) 'Polytetrafluoroethene, PTFE obtained as a skived film
| from James Walke£ Ltd.

(2) Polyvinylidene fluoride PVF, obtained as a drawn

2
film from Cellomer Associates, Webster, N.Y;

The films were used in‘their "as received" forms without any
pretreatment. In prelimingry work samples were placed on a
glass slide in the reéétor and exposed to a'plasma prior to
mounting on a double sided ?robe tip for ESCA analysis. in
the case of the second reacfor, samples were hounted on a
double sided spectrometer probe tip by means of double sided
"Scotch" adhesive tape prior to plasma modification. ESCA
analysis of samples was initiated within 5 minutes of their

exposure and took approximately 50 minutes to complete.
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3.2.3 Experimental Procedure

In each case the samples were introduced into the
reactor and the system evacuated to 5 x lO_3 torr. The
system was then flushed with hydrogen gas, re-evacuated and
then.lét up‘to the required presSure (0.2 torr, nominal) via
a leak valve. Hydrogen gas from a standard laboratory cyl-
inder, obtained from the British Oxygen Co. was used without
further purification. Hydrogen flow rates were measured by
valving-off the reactor and monitoring the initial rate of
- pressure rise in the reactor. The vacuum line and-reactor
were then ailowed to purge for twenty minutes before a dis—
charge was initiated. The adjustment of the power output and
matching of the RF generator was done before the introduction
of the sample to the system. Powers ranging from O.1W to
iCW were employed, for ﬁreatment times of‘up to 256 seconds.
To achieveva stable discharge at the lower end of thié range
of powers the pulsing facility of the generatér was used:
the characteristic electromagnetic emission of a hydrogen dis-
charge being a purple glow;' In the "T" shaped reactor the
sample sat immediatelyrdqwnstream of the cqii fegion whére the
most,intense glow.was‘to beifound. Thé‘glow extending into
the horizontal limb ofﬁthe feactof extended either side of the
"sample. In the flangéd»reqctor the sample waé, attached to

the probe, immersed in the élow region of the coil.

3.2.4 Contact Angle Measurements

The contact angles to water of treated surfaces were
measured using absimple sessile drop measurement in which a drop
of water (lul) was placed on the surface and its dimensions

méasﬁiéd using a microscope fitted with a goniometer eye-piece.
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3.2.5 ESCA Instrumentation and Data Analysis

Spectra of the untreated and plasma modified
samples were in the main recorded-on the AEI ES200 AA/B

.spectrometer using MgKa radiation as previously described.
1,2
To exploit the greater sampling depth offered by the harder

TiKa X-ray source, the Kratos ES300 spectrometer was also used.

Binding energies are quoted to an accuracy of *0.2eV and area
ratios, determined from curve-fitting procedures using a Dupont:
310 Analogue Curve Resolver, to an accuracy of £5%. Assign-
ment of the peaks of the curve—fiftéd Cls spectra is made on

the basis of the extensive studies of fluoropolymers of Clark

76

and Thomas and is set out at length in ref. 205. Figure 3.2

shows an example of such a éurve-fitting procedure. Peaks

from 292.2eV to 290.6eV are assigned to CF, groups having a

2

variety of encironments ranging from two CF, groups (as in

2

untreated PTFE, to a CF, in an essentially hydrocarbon environ-

2
ment. Peaks from 286.7 to 285.0eV are assigned to carbon in
essentially hydrocarbon;like environments with a variety of B
substituents. Peaks in the intermediate region are assign?
able to1groups such as -CFH- which can span a range of bindiﬁél

76,210 However analysis of

energies from ca.288.9-287.9eV.
this region is complicated by the oxygen uptake of the polymer
films on plasma treatment, carbonyl features will also con-

tribute to this region.

3.3 Results and Discussion

3.3.1 Preliminary Experiments

Preliminary experiments to assess the changes in
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Figure 3.2 Component AnalySis of the C Level of a

ls
Hydrogen Plasma treated sample of PTFE
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surface chemistry effected by a hydrogen plaéma'were carried
out in the inverted 'T' shape reactor. Initiélly experiments
involved a power input of 5 watts at a pressure of .08 torr

of hydrogen, for reaction times in the range 0-128 seconds.
The great reactivity of the PTFE towards the hydrogen plasma
spectra shown in Figure 3.3. at 70°

1s

is evident from the C
take-off angle (Figure 3.3) the spectra reveal a very rapid

2 components at high binding energies, such that

after a treatment time of 64 sec. the ClS spectrum is dominated

loss of CF

by the component at 285eV corresponding to carbon atoms in an
environment devoid of fluorine substituents in either an o
or B8 position. This extensive defluorination in the surface
is also evidenced by the decline of the Fls signal relative

to the C The dominant reaction being CF2 —» —¢—, with

1ls*
little evidence for the generation of intermediate structures
based on CF components. (This contrasts with results re-

corded on the inert gas plasma treatment of copolymers of

ethylene and tetrafluorocethylene).

Comparison of the spectra taken at take-off angles
of 30° and 70° (Figures 3.3(a) and 3.3.(b)) reveal the surface
nature of the reaction, the spectra taken at the higher také—
off angle show an equilibrium surface structure is established
after an exposure period of =64 secs. Even.after prolonged
- treatment the extent of defluorination revealed by the spectra
taken at the higher take-off angle is not matched by thét re-
flected by the deeper sampling spectra recorded at 30° take-
off angle. The treatment is thus seen to be vertically inhomo-

geneous within the ESCA sampling depth.



Figure 3.3 Cls Core Level Spectra of PTFE Samples treated in a Hydrogen Plasma in

Reactor shown in Figure .3.1(a) for take-off angles of 30° and 70°
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The dramatic change in surface chemistry is also
reflected in the contact angle (sessile drop) with water; this
is shown in Figqure 3.4. Sﬁch are the adheéion properties of
the treated surface, that after 64 sec. good adhesion is
obtained with nitfocellulose based paints in the standard

scotchtape test, in marked contrast to untreated PTFE.

3.3.2 Kinetic Studies of the Surface Modification

These preliminary studies indicated a facile sur-
face trénsformation of PTFE by means of a hydrogen plasma and
indicated that a detailed semiquantitative kinetic study
should be undertaken. In this study reactor configuration (b)
in Figuré 3.1(b) was employed. The lower flow rates in this
reactor allowed a much lower pbwer input to be employed to
maintain a comparable W/FM parameter to that of the preliminary

studies.

The experiments involved, inter alia:
(a) time dependence of the reaction at fixed power; and

(b) the poWer dependence at fixed exposure times.

The experiments were carried out with total inputs of 0.1 watt
and at 1 watt and 5 watts; for the 2 lowest power settings

pulsed plasmas were employed.

3.3.3 Time Dependence at 0.1 watt

The ClS and FlS spectra for a range of treatment
times at 0.1 watt power input are shown in Figures 3.5(a),3.5(b).
These spectra revealthe great reactivity of PTFE to low power

plasma treatments. Even for a 2 sec. exposure there is a

significant change in the surface chemistry, the decrease in



Figure 3.4 Variation in the Contact Angle to water of

a PTFE Surface treated in Reactor (a)
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the fluorine content of the surface regions. being revealed
by the decrease in intensity of the component arising from

CF, structural features and concomitant rise of the lower

2
binding energy component associated with CH environments.

The spectra also illustrate the vertical inhomogeneity of

the reaction, e.g. after 1l6s treatment the integrated intens—
ities of the component signals expressed as a percentage of

the C._ signal intensity are ngﬁ CF, C=0, ete: C 44.0

1s
13.0 : 43.0 at 0 = 30° and 25.5 : 11.5 : 62.0 at 6 = 70°,
emphasising the surface nature of the defluorination reaction.

However the'integrated C s intensity ratio for spectra recorded

1
at 30° and 70° take-off angles‘remains essentially constant,
indicating little difference in the number density of carbon
atoms over the 2 depth scales appropriate to the 2 take-off
angles. The absolute integrated intensities however do show
. variations at each take-off aﬁgle (Figure 3.6) indicating
changes in interchain spacing as a function of reaction time.

Thus the integrated C signal intensity initially drops and

1s
then rises to a value sdme 20% higher than for PTFE, suggest—

ing é degrée of cross-linking in the final structure. Thus,
_the core lével spectra reveal the substantial loss of fluorine
accompanying hydrogen plasma treatment, the main process being
the conversion of -ng— functionalities into —#—H groups with

the notable absence of B‘é—F functionalities, the main com-

ponent after extended treatment being located at 285eV bind-

ihg enerqgy.

A further manifestation of the change in surface
chemistry is the dynamic equilibrium charging shift for the
sample as a function of reaction time. It has been previously

noted that charging shifts provide an important monitor on
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structure in the surface regions and Figqure 3.7(a,b) shows thé
charging shift és a function of reaction. Using the equili-
brium charging shifts obtained from polyethYlene and PTFE
under the conditions that these spectra were run it can be

shown that the shift follows the fraction of CF, groups in

2
the surface region. The equilibrium surface charging shift
attained by a system has been shown‘to depend upon the sum

of the total photoionisation cross—éections-of the elemeﬁts
present in the sample surface. Fluorine has a high total
photoionisation cross—-section whereas that of hydrogen is very
small as the surface is depleted of fluorine the equilibrium

sample charging is seen to decrease, This emphasises the

great surface dependence of sample charging phenomena.

The C spectra in Figure 3.5 reveal that the

1s

centroid of the CF, component shifts to lower binding ener-
gies as the reaction proceeds, indicating that as the reaction
proceeds the QFZ groups remaining are located in environments

predominantly without B CF2 groups.

At lpnger reaction times, a small high binding
_energy shoulder develops the peak due to —QFZ— funcﬁionalities,
indicative of the development of a small percentage (1-2%) of
CF3 groups;‘perhaps produced by the interaction of HF produced

by the defluorination reaction with radical species produced

by chain scission, or by the abstraction by such a radical of a
fluorine atom from an adjacent chaih. Their development is
restricted to the extreme surface regions of the polymer. The
possibility of this shoulder being due to the:development of
vshakefup structures from unsaturation is discounted, the un-
saturation in polyisop;ene has been found to disappear rapidly

on exposure to a hydrogen plasma.
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Analysis of the untreated PTFE revealed a very
low degree of oxygen incorporation in the polymer surface.
As the reaction proceeds oxygen is incorporated into the

surface, the overall O signal intensity rising to 12-13%

1s
of the intensity of the C . peak. This situation obtains
after 32sec. treatment time and is invariant.with increasing
treatment time. The comparison of ClS:Ols signal intensity
ratios at the two take-off angies employed in this study with
reaction time shows the oxygen incorporation to be uniform
within the ESCA sampling depth. This contrasts with studies
of the oxygen plasma treatment of polyethylene where a grad-
ient was detected in the introduction of oxygen functionalities
into the surface. The extreme surfacé sensitivity of the
oxyéen plasma treatment beihgﬂattributed to the diffusion
limitéd nature of the_reaction the reactive species (e.g.

o, .02+ ete.) reacting with low éctiVatioh energy. In this
study the homogeneous nature of the oxygen uptake would suggest
the scavenging of radical sites produced by exposure to the
plasma tfeatment by low levels of dxygen dissolved in the poly-
mer or desorbed from the Qalls’of thé.reactor° This oxygen
uptake is also found even when elaboréte precautions are taken
to exclude and remove oxygen from the system.‘ Similar pro-

130

blems were encountered by Clark and Dilks in their studies

of the argon plasma treatment of fluoropolymer surfaces.

The broadness of the O signal is due to the

1ls
presence of oxygen containing structural features in a variety
of fluoro- and hydrocarbon-like environments. These oxygen

containing functionalities contribute a variety of components

to the ClS envelope, between the decaying —CF »— feature and

e ,.,.,”.,,,.,..,_4‘,,'_ Y, (35 P :
the emergenﬁ —¢H environments.
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Figure 3.8 Relative Intensities of the Components of the

Cls Spectrum as a function of reaction time.
(a) at a 30° take-off angle, (b) at a 70° take-off
(a) angle
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To monitor the rate processes occurring dufing
the reaction, the spectra provide several convenient compon-
ents, namely: the Fls levels and the QFZ and CH components

of the C spectra. The progress of the reaction with depth

1s
into the surface is facilitated by'the recording of the

essentially core-like F spectra. FProm studying the rela-

2s

tive intensities of the F

1s ls

envelope and the F?s levels which span a ranqge of kinetic éner-

and ng component of the C

yles and hence sampling depths, the depth profile of the de-

fluorination may be examined.

The variation with time of the contributions of

the CF, and CH components to the C s envelope at the two take-

1
off angles, 30° and 709 employed in this study are shown in
Figures 3.8(a) and (b). The Fls/cls intensity ratios var-
~iation with increasing reaction time is illustrated in Figure

3.9.

As a first attempt to gain an insight into the
mechanism of the reaction plots of the natural logarithm of

the fractional contributions of the CF2 and CH features to the

c envelope and of the integrated intensity of the F levels

1s

level as an internal standard), as

1s

(with respect to the ClS
a function of treatment time were made for the data acquired

at each take-off angle. Such plots are illustrated in Figure 3.10.

These plots display curvature which could be naively
attributed to a reaction involving more than éne rate process.
Comparison: of the initial rates of reaction obtained for’each'
plot are given below (Table 3.1). From this data it can be
seen that whichever facet of the spectra is chosen to monitor
the reaction the data at the higher take-off angle, Z.e. the

more surfacé sensitive measurement, ledds t8 4 higher initial
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=

Figure 3.9 Variation in the F._ signal as a function of

1ls
reaction time for 30Y and 700 take-off angles
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TABLE 3.1

st | 30° 70°
RFls o1 .08
R | .21 .20
Rop .06 .09

rate constant than the data accumulated at the lower, more
sub-surface sensitive angle. There ié a gradient in the

rate and extent of reaction between the very -surface and sub-
surface of the polymerv This effect would be accentuated by -
the exponential weighting of the sensitivity of the ESCA
technique to the surface most regions of a sample. As the
overlayer etc. develops it does so iﬁ the region of the sample
where ESCA is most sensitive, the_signal from the fluorine
contéining moieties which recede into the subsurface as the
reaction progresses ére also attenuated by,this layer. Using
the large difference in the sampling depths of'the F énd

1s

'FZS levels further insight as ‘to the progrgss of reaction can
be géined from a plot of the ratio of the intensities of these
two levels as a function of time and take-off angle (Figure 311).
The fatio decreases with fime indicating the more rapid de-
fluorination of the surface regions as postulated earlier in
this discussion, more interestingly the Fls/F23 ratios for the
two take-off angles at a given reaction time are approximately
‘the same, only showing divergence at extended reaction times,
indicative of a smooth reaction gradient with depth as opposed

to the reaction proceeding in a surface boundary layer or uni-

form reaction within the ESCA sampling depth.
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The extreme surface nature of the reaction is
emphasised by the comparison of Cls spectra obtained for a

treated sample of PTFE using MgKa and Ti X-ray sources.

Ka

Whereas in the more surface sensitive MgKa spectra the C,
hydrocarbon like component dominates the spectrum, in the

corresponding Ti, spectrum (Figure 3.12) the reverse holds,

Ko

the original ng environments still dominate the spectrum.

This is equivalent, from the Ti spectrum, to an overlayer

Ko
of =168 of hydrocarbon like material on the sample but this
is not borne out by the MgKa spectrum. Again a depth grad-

ient in the reaction is indicated.

3.3.4 Modelling of the Kinetics and Depth Profile
of Reaction and Comparison with Experiment

From the foregoing discussion it is apparent that
in the initial stages of thevreaction of a hydrogen plasma
with a PTFE, there exists a depth profile encompassing differ-
ent exﬁents of defluorination. The method of varying the
photoelectron take-off angle for depth profiling in XPS has
received much attention. However in a kinetic study, the
prospect of having to perform a full angle'resolved study for
each kinetic point is dauntihg. As a compromise the spectra
| were takeh for two take—off angles (30° and 70°) and for core-

levels spanning a range of samplihg depths (Fls, C ).

1s’ F2s
This provides a more dynamic method of obtaining depth profile
information than by monitoring a single pair of core-levels
with varying take-off angle. Algorithms for modelling the
angular behaﬁiour of XPS signals corresponding to postulated

depth profiles containing concentration gradients and for pre-

dicting the form of concentration gradients from such data have



Figure 3.12
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Comparison of Ti, excited C

Ko spectra of a

_ 1ls
Sample of PTFE treated for 64S in a Plasma at

0.1Ww (0.2 torr Hz) with that of an untreated

sample
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211,212 (phough it is worth noting

appeared in the literature.
that due to the number of variables in these treatments it is
not possible to work backwards from a set of experimental data

R

to a unique depth profile).

In ordér to quantify the data and understand how
such a reaction profile'could arise the effect of various depth
concentration profiles of.a reactant diffusing into the polymer
surface and reacting with the polymer matrix, in a reaction
which is first order with respect to the reacting species
(e.g. H') and the polymer CFZ groups was proposed as a médel.

- The profile is assumed to be constant, as might obtain were

the diffusing reactant to be consumed by recombination of re-
active species (e.g. H® + H* + M ——5 H, + M), where the
chaperone, M, is the polymer matrix) or deactivation of a meta-
stable reactive species M* by collision with the matrix, the
rate of consumption of the species by the reaction with the
polymer being slow compared with the recombinétion or de-
activation reacﬁion. Alternatively the reaction to remove the
reactive specieé may never terminaté, Z.e¢. the defluorinated

product is also reacting with the reactive species.

Due to this gradient in concentration of the re-
acting species with depth; H(x), the extent of reaction at a
given time will also vary with depth. Dividing the surface
into a series of n monolayers of thickness d. The extent of
reaction at a time t is given by Y, (as measured by the fraction
of the Qriginal QFZ groups present in the polymer layer re-

maining being l-YQ. The situation is illustrated in Figure 3.13.

Recalling the contribution to the overall intensity

of a core level, dI, from an infinitesimally small depth element
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Figure 3.13 Model adopted for data computer algorithm
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dz to be given by:

— kXcoso
dr = Fniaikie dz : (3.1)

where all symbols have their usual meanings as given in

Chapter One.

Consider the integrated form of this equation

for the QFZ component of the C s signal at time t. Replacing

1

the integral over all the levels by a summation.

Zi+d _Z/AC cos8
ls
(1 Yi)t d

Z,
i

n .
- = K I dz. (3.2)
2 i=1

Similarly for the CH component:

Zi+d 'Z/x cos®o

n C
t = . 1s .
ICH = K I (1 Yi)t e K dz. (3.3)
2 i=1 7
i
The intensities of the'Fls level and FZS level
may be similarly expressed as:
Zy+d “Z/y_ coso
t n ~ - Fis Ca
1 = K I 2 (1-Y) e dz. (3.4)
F 1 . t .
1ls i=1 :
Z.
i
n Z;+d _Z/AF cos8
1t =k, oz 2 (1-v) e 2s dz. (3.5)
F, 2 .~ t
S i=1
Z,
i

For convenience the intensities are all ratioed to the total

integrated intensity of the C,_ level.

1s

Z.+4 -7
. n * /Acl cosg
Te,. = K I J e S dz. (3.6)
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The variation of the extent of reaction, Y,
with time is taken to follow a pseudo first-order reaction,
weighted by the relative hydrogen concentration in that layer,
-kt ‘

Y; = He. ’ The overall reaction being second order.

"The model takes as its input data: the inelastic

mean free paths, Ai, of electrons emitted from the F C

1s’ "1s
and FZS levels by irradiation of a polymeric sample with
MgKa radiation (here taken as 92, 158 and 228 respectively);
1,2 ‘

the relative sensitivity factors between the levels; the number
and depth of the monolayers to be considered; the form of ﬁhe
distribution of the reactive species derived from the plasma
with depth (initially an-exponential decréase in concentration
with depth was uséd) relative to a surface value of unity;

the "time" in units of kt over which the progress of the re-

action was to be monitored.

vThe mddel was implemented in a computer program
(see Appendix 1) written in the Applesoft derivativé of BASIC
for an Apple II‘Eufoplus computer with 48K of available memory.
(The code alSO’being adapted to run on a smaller Epson HX20
computer, a listing is to be found in appendices). The pro-
éram provides as output: the relatiVe weigﬁting given to each
.monoléyer for each core level for each take-off anéle; the
relative concentration of reactive species with monolayer; the
level, F and F

1s 2s

level with time;

variation of CF,, CH components of the Cig

levels relative to the intensity of the Cls

~the variation of theAFlS/F ratio with time; predicted "initial
' S

1s 1s levels in

the spectra that would be obtained from reaction in such a

rates" based on the observation of the C and F
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system; the program also producesszme graphical output of
~the extent of reaction in each monolayer with time and of
first order plots for the loss of ng features and production

of CH carbonaceous features, examples are shown in Figure 3.14.

At the lowest level, confirmation was sought from
'this model that, at least in.a qualitative sense, such data
is described previously: in partlcular the range of first—

order rate constants and the ls/F ratlos behaviour.

More quantitatively, estimates of the rate constants
and reactant and product distribution with depth were sought.’
The sensitivity of the model to the form of the depth dist-

ribution of reactive species was also explored.

From the model it was conflrmed that range of
vpsuedo first order rate constants would be produced by moni-
'torlng the fate of the various core hwels in the polymer and
that the lS/F »ratros at 30° and 70° take-off angles de-
creased in unison;’at least in thehinitiai stages of reaction.
'Beprodncing; at'least in a qualitative sense the behaviour of
the_egperimentarly.obtained ESCA data;’ - This situation obtained
:v'for a range of assUmednekponentiallybdecreasing reactive species

_concentrations W1th depth (characterised by a depth d by which

10
the concentratlon ‘had dropped to 10% of its 1nit1al surface

value of unlty).

Quantitative comparisons drawn between the com-

puted data for a range of d s'and the experimentally derived

10

"h data allowed the reactlon to be ‘ascribed to a single rate pro—

cess w;th'acpsuedo flrst—order rate constant of 0.12s l(i,OB)
occurring due to_afconstant exponential concentration gradient

of reactive species which fallé to 10% of its surface value



Figure 3.14 Predicted extents of reaction in each

monolayer versus time and first-order

plots generated by computer model
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after ~20R. This is in accord with the work of Heller

et aZ213 who found that in organic single crystals at room

temperature all the hydrogen atoms diffusing into the crys-
tals reacted within a few molecular diameters of the surface.
(Though other authors investigating the reaction of H' atoms

in n-alkanes at -196°c 214

216

and solid aromatic hydrocarbons
at room temperature have arrived at estimates of H® atoms

ranging several orders of maghitude higher than this work).

The model was found to be.insensitive to the form
of the distribution of reactive species with depth, comparison
of linear, exponential and Gaussian (Fickian)‘prOfiles dropping
to 10% of their surface value after 208 shcwed little variation
in the behaviour of the predicted reaction profiles, rate

constants, etc.

In view of the vast épread Qf ranges predicted
by various authors for thermal hydfogen atoms in frozen organic
liquids and crystéls ranging from 10-4 cm214 and lO_5 cm216
to;a few molecular_diameters ca 208 as found in this study
if is interesting to speculate whether this would lead to a
diffe¥ential reacﬁivity bétween the crystallihe and amorphous
regions of a polymer: the range being lower énd the reaction
therefore'moré.doncentratéd in the sufface in highly crystall-
ine of the polymer. - Uéing Electron'Spin Resonance Spectroécopy
(ESR) , Dubinskaya has studied therreaction of hydrogen atoms
generated by a micrbwavé discharge with thin films of polymers

deposited on an Aerosil support, at low’tfemper'atures.z:”_219

217

Whilst the reaction with'polyisobutYlene films is uniform,

throughout the film,it is restricted to the top <2008 of the
' : ‘ ' 218-21

surface in pdlymethylmethacrylate ahd polyvinylalcohol films.
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Differential rates of reaction for the crystalline and amor-
phous regions of polymeric materials exposed to plasma dis-

charges have been proposed by other authors.

Attempts to understand the existence of concen-
ration gradient of hydrogen atomé.in the polymer surface as ar
balance between the diffusion of the species into the polymer
and reactions to remove the spécies, e.g. reaction with the
polymer matrix, (H® + CH, or CF, — ¥éH— or-—éF— + Hz) or
recombination of the species (H’ + H 4+ M —s Hy + M, M being

the polymer matrix), as outlined in treatments by Jost,220

) o)
221 or Frank-Kamenetskiiz22"‘23

Crank lead to either excessively
small estimates of the diffusion coefficient for hydrogen atoms
“(ef. values for e.g. N, in PTFE) given the depth of reaction or
conversely using an assumed value of diffusion coefficient for

4cm (100008) .

H®' in PTFE, a depth of reaction»of the order of 10~
The non-continuous nature of the surface phase may not make it
amenable to such treatments. Instead a distribution depending
upon a Beer Lambert tYpe attenuation with depth is envisaged.
Even when the surface layer is completely aefluorinéted, T.¢e.
hydrégenated, this layér will continue to consume H® in ex-
changing hydrogen atomsbih the polymer backbone. Thus the

concentration gradient of reactive species will remain essent-

ially static.

The model takes no account of any side reactions,
e-g. Oxidation from water produced by the interaction of the
plasma with the glass walls of the reactor, crosslinking (which
will in turn alter;the number density»of carbon atoms and also

reduce the ability of reactive species to permeate the matrix)

or the changing rate of reaction as the basic reaction changes

DT % B 5 T3
T

from defiu@fiﬁaticn and hydfogenatiéﬁ B8f & Eiuﬁropolymer matrix
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to an exchange reaction between hydrogen atoms and an essent-.

ially hydrocarbon matrix.

3.3.5 Time Dependence at Higher Discharge Power Loading§

A limited study of the reaction was also made.for
two higher power loadings (1.0W and 5.0W) the pressure and flow
rate being maintained as before. Due to the extreme rapidity
of the‘reaétion which is essentially complete after 60s. at:‘1W,
at discharges powers in escess of 1.0W the reaction is too fast
- to monitor by the technique used here. At 1W the reaction is
essentially complete after 20s. (see Figure 3,15 ). Even at
higher powers the final extent of reaction remains constant, it
appears to only be possible to remove up to ca.80% of the fluor-
ine present in the polymer surface. Throughout the reaction
at each power the'surface, as monitoréd by spectra taken at 760
take-off angle, is seen to be more highly defluorinated than
the subsurface. As remarked upon before in consideration of

_ F ,
the data obtained at .1W, the. 1S/F ratio is seen to drop with

2s
increasing reaction time to a limiting value of ca.3. As before

Fls/F

the ratio from spectra run at 70° is seen to drop in

2s
unison with the data obtained‘at 30° again revealing the pré-
sence of a reaction gradient within the surface, although a less
marked reaction gradient than exists in the early stages of
reaction at .1WwW discharge_power. At extended reaction times

at higher ?Qwer loadings somewhat'erratic results are obtained.
Whereas at lower powers .lW at extended reaction times an equil-
ibrium degree ofAdéfluorination is obtaiﬁed, at'hiéher powers this
._ equilibriﬁm extent of reaction.is not reproducible; A plaus-
ible explanation may lie in the ianeasiﬁg contribution of

ablative processes at higher discharge powers.



Figure 3.15 Variation of (a)

the FlS/C1s
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3.3.6 Comparisonof the Reaction of Hydrogen Plasma
at 0.1W Polyvinylidene Fluoride with that

For comparison purposes a brief study of the
interaction of a hydfogen plasma with polyvinylidene fluor-
ide was made. Again extensive and rapid defluorination of
the surface regions of the polymer reéults. As can be seen
from Figures 3.16 the reaction proceeds most rapidly in
the surface regions of the polymer. No build up of inter-
mediate CF moieties is observed. Again the existence of a

reaction gradient is evidenced by comparison of C:F stoichio-

metries derived from Fls/Cls ratios EFZ/ClS ~at 30° and 70°
TOT 70° 30°
take-off angles, which decrease in the order SF > SF
70° 30° . ls Fig ls
> 8 > S . This is supported as before by the /F
Cls Cls 2s

ratios for the two take-off angles which again decrease in par-
allel with each other, Figure 3.17. Estimations of the
rate of reaction derived from first order plots for the various
levels Fls’ Cls (QFZ, CH) at each take-off angle do however show.
a greater measure of agreement than for PTFE. However the
rapidity of the reaction plasma with PVF2 makes the reaction
difficult to follow in its initiai stages. Notably, treatment
of PVFZ-with a‘hydrogen plasma for extended periods results in

" a slightly higher degree of defluorination than in PTFE; (ca.

10% of 15-20%).

Polyvinylidene fluoride was chosen as represent-
ative of an intermediate state in the defluorination of PTFE
.(i.e. “ 50% reaction). Crude estimation of the initial rates
- of reaction shoWs the initial rates of reaction for PTFE and
PVF2 to be coméarable in magnitude. Tﬁe defluorination of
PVF

2 has a half-life of n6sec., compared with ca.l6secs. for

PTFE indicating that the reaction of'PVFé with the hydrogen



Figure 3.1l6 Variation of FlS/ClS intensity ratio as a

function of reaction time for Polyvinylidene

Fluoride

1-0

0" " 20 4

t (sec)

Figure 3.17 FlS/FZS intensity ratio as a function of re-

action time for Polyvinylidene Fluoride

8 1

Tl
wn

|

yT1
(@)
L)
(-
Q

RS

7




124

plasma proceeds appreciably faster than with PTFE, This would
suggest the initial attack of H® on the polymer chain and
fluorine abstraction as being the rate determining step in

the reaction with PTFE.

3.4 Conclusion

In conclusion possible mechanisms for the reaction are
considered. In previoue kinetic studies of the surface de-
functionalisation of fluoropolymers by inert gas discharges

Ciark and Dilks75’l3o

stressed the relative importance of

direct and fadiative energy transfer processes by means of
bwhieh_enefgy was transferred to the polymer lattice (the former
beingbthe shortef ranged and mqet dominant process in the cross-
-linking of the poiyher surface) . - In these treatments demage'
was festricted to the outermost atomic layers of the polymer,
being readily explicable in terms-of.a substrate and overlayer
type_model, and a raéid reaction due to direct energy transfer
to the:lattice by metastable species and a slower longer raﬁge,
.radiétive cOmponent'due fo the copious output of the plasmas

-in the UV and vacuum UV regions.

A hydrogen'plasma represents a departﬁre from this scheme,
in that the species in the plasma may react chemically and com-
bine with the polymer surface to form stable products. Gallaher
et aZ,224 have observed the formation of hydrogen fluoride from
the interaction of PTFE with a hydrogen plasma by monitoring the
infrarediemission spectrum. A mechanism was also formulated
on the basis of atﬁack by hydrogen atoms on the pblymer. In

the following discussion it is assumed that hydrogen atoms play

‘the major role in the reaction, the ranges of ions in the solid

ha'dine 1Arng



There is surprisingly little in the literature concerning
the interaction of hydrogen atoms (H") with perfluorinated
systems.226 In such studies that have apbeared no reaction
was found between H' and CF4 at room temperature. The re-
action of fluoromethane, CH3F with H® has been studied by flame
techniques over the temperature range 858-933K, by Parsamyan
et a1225, the activation energy for thé process was found to
be low ~4dkcal mol-l. - In studying the reactions of fluoro-

227 found the initial reaction to

ethanes, Scott and Jennings
be the abstraction of a hydrogen atom and subsequent addition
of a hydrogen atom to the resultant radical to yield a vibrat-
ionally excited molecule which decomposes'by the elimination

of HF in preference to destabilisation by collision; H'
addition to the resultant olefin would again result in radical
formation. In the case of fluoroethylenes,; Scott and Jennings
found hydrogen atoms to add preferentially to the less fluorin-
ated carbon of fluorethylenes, the major’reactién products
being formed by combination and disproportionation of the re-
sultant radicals. Less important products of the reaction
arising from theraddition of H* to the original olefin to form
a vibrationally excited moleéule which is stabilised by collis-
ion or decomposes with the elimination of HF.} In a polymer
métrix, the possibility of quenching of such excited states

by the matrix has to be considered.

Published rate constants for the reaction of hydrogen
atomé with methane fall into two distinct groups:226 (a) those
having high activation energies (11-16 kcal mol_l) and corres-
andingly high pre-exponential féctor and, (b) low activation

energies, (4-8 kcal mol—l) and a low pre-exponential factor

227
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10 13

in the range 107 -10 cc mol_l sec.;l. For higher alkanes

the activation energies fall into the range 6-8 kcal mol_l

and pre-exponential factors ca.lOl4cc mol—l'sec. l.

In the light of these data and the obSefvatiéh of the
produétion of vibrationally excited hydrogen fluoride from
the interaction of plasmas excited in ﬁydrogen and deuterium
and mixtures thereof with PTFE by Gallaher et a1224 an out-
line reaction scheme is proposed. As to the efficiency of
- the reaction, the sticking coefficient of hydrogen atéms on
PTFE is very small, indeed PTFE coatings have been used to
poison the walls of reactors to hydrogenvatQm recombination?28
(Though in the light of the data presented hefe, perhaps poly-
ethylene would be a better choice). The heats of adsorption
’ 218

of H° on pblymer surfaces have been determined by Dubinskaya

to be in the range 400-800 cal per mol, Z.e. very small.

The reaction is envisaged to involve the initial abs-
traction of a fluorine atom from the polymer chain by a hydrogen

atom.

2fCF

tCF,-CF,-CF,

-CFZ-)- '+ H* ———» HPF + -('CF—CFZ

-CFZ-CF2+n
'The‘driving erCe behind the reaction being the highly exo-
fhermic nature df the reaction due to the high heat of form-
ation of HF (-65.1 kcal mol-l). Recombinations of the radical
vwith a hydrogen atom leading to the formation of a vibrationally

excited chain segment which may be quenched by the lattice or

decompose with the elimination of HF.
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. *
<CF-CF,-CF -CFZ} + H —» {CFH CF,CF CFz}

2 2 2772

*
-HF M

-CF=CF-CF - - - - -
CF=CF C,2CF2 CFH CFZCF2 CF2

As discussed previously any unsaturation produced could be
rapidly saturated by H" or from radical sites able to dis-
proportionate (chain scission) or abstract atoms from adjacent

chains (radical transfer) or recombine to yield a crosslink.

-CF=CF-CF_,~CF

2 2
-CFH-CFX—CFz—CF2—
H® or F’
Abstraction
—CF—CF—CF2—CF2—
H
R
:
—EF— F—CFz-—CF2
-CFH + CF,=CF-CF,-
Once hydrogen has been incorporated into the polymer chain
abstraction of hydrogen’from the polymer chain, readdition
‘of H® and elimination of HF from the vibrationally excited
chain segment may provide a preferred reaction pathway: side

reactions such as oxygen uptake and crosslinking being-due to
the interaction of residﬁal oxygen containing species ﬁith
radicals and the recombination of radicals respectively. Evén
when the matrix is defluorinated in the surface regions the
abstraction of hydrogen étoms and crosslinking reactions will
continue, thus maintéining an approximately static hydrogen

atom concentration profile into the polymer. The rate of
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reaction dominating over diffusional processes. = No
consideration has been given to thermal effects due to the

heat of reaction dissipated in a shallow surface layer.

After prolbnged treatment of afPTFE film for Multiple-

. Attenuated Total Internal Reflection Infra-red measuremenﬁs
(MATR) , though the spectra revealed no evidence of reaction
on the depth scale sampled by MATR with a KSR-5 element, the
adhesion of the sample to the infra-red element was markedly
improved, on removal cohesive failure occurred in the polymer,
indicative of a crosslinked surface layer displaying improved
adhesion characterisation. The crosslinking in depth of

the sample being attributed to the slower, longer range

radiative processes occurring.

Thé reaction of a hYdrogen’plasma with a fluoropolymer
surface has-been shown to produce a'usefui modification of
the surface properties of these,polymerg: - the modification
being restricted to a very thin (eca. 203) barrier la&er in

PTFE. "
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CHAPTER FOUR

THE ARGON ION BOMBARDMENT OF

FLUOROPOLYMER SURFACES
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4.1 The Argon Ion Bombardment of Fluoropolymer Surfaces

Plasma-surface interactions have come to form the basis
of many processes for the modification of the surface properties

of industrial materials, being involved in plasma-etching,zzg_232

plasma assisted chemica1233_235 vapour deposition, plasma

126,205,236,237 and plasma a-shing,238 processes.

polymerisation
In particular the modification of polymer surfaées, tovimpfove
pfoperties such as the wettability, printability, chemical
cqmposition and electrical conduétivity, has been an area of

204,206, 236 As outlined in introducing

sustained interest.
Chapter Three, whilst displaying considerable inertness to
chemical and thermal treatments fluoropolymers are particularly

239,240

susceptible to radiation damage. Fluorocarbon polymers

.are affected by radiation in one of two distinct ways depending
upon their composition,240 in genéral those that are com-
pletely fluorocarbon, suffer rapid molecular-weight degrad-
ation and crosslinking to a lesser degree. Those containing .
hydrogen are'rapidly crosslinked to form nétworks. Thus in
the modification of fluoropolymers, plasma, ion and electron
beam processes provide_particulariy'attractivé routes. By -
the same token, polymers which are particularly liable to
modification by such treatments.provide an interesting insight
into the mechanisms of.interaction of such species with sur-
faces. - The effects of the interacﬁion of plasmas, both non-
equilibrium and thermal, with surfaces, has been ascribed
variously £Q the action of one or more of the components (meta-

stables, ions, electrons) upon the surface.131

At'firSt”sight;the uSe of a controlled beam of ions upon
a well defined sufface, offers a method of examining the effect

of one of these components in isolation. Whilst wide in their
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application, the mechanisms of plasma procésses are poorly
understood. Such studies are also pertinent to the applic-
ation of surface probes such as Secondary Ion Mass Spectroscopy
(SIMS) and Ion Scattering Spectroscopy (ISS) to sensitive
organic materials. On ion bombardment of a surface four
distinct types of surface modification may bedelineated:152
(a) the loss of surface atoms from the emission zone due to
the emission of atomic and molecular particles and the recoil
complantation and cascade mixing of atoms in a surface;

(b) the implantation of the primary ions or recoil surface
atoms;

(c) changes in lattice structure, e.g. the amorphisation or
creation of defects and imperfections within a surface;

(d) chemical effects, the breaking andbformation of bonds,
especially pertinent to the analysis of organic materials where,
whilst being amorphous, the connectivity is particularly well
defined. |

In discussing the effects of ion bombardment upon sur-

faces, Behninghoven152

has distinguished between "first order"
and "second order" effects. First order effects concentraté
upon the rearrangements in terms of structure and composition
océurring_in the region of impact of a primary ion before the
emission of a secondary ion which SIMS uses to characterise

second order effects centre upon the surface cumulative effects

of ion bombardment upon the matrix.

Argon ion bombardment forms the basis of the CASING199

proéess for the improvement of the adhesive bonding properties
of polymer surfaces. In ESCA and Auger investigatiOns of metal/

metal oxide interfaces and semiconductor surfaces, argon ion
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bombardment to ablate away the surface, is a widely used
technique for effecting analytical depth profiles. Under

the normal operating conditions (high acceleréting voltages
and relatively high beam currents) the argon ion sputtering

of polymeric surfaces is extremely rapid. At lower ion doses
and dose rates polymer surfaces may be readily crosslinked,
whilst ablation of the surface is kept to a minimum. Figure
4.1 shows the Cls and Fls core level'spectra of a largely
alternating tetrafluoroethylene-ethylene copolymer exposed to
a_2keV beam of argon ions for successive 5 sééond periodsyat

167 The ion source used in this’ex—

a beam current of 4uA.
periment was a cold-cathode discharge type and hence also pro-
duced a coliiminated beam of vacuum u.v. light incident upon

the sémple. The results are nevertheless quite striking,

argon ion bombardment is seen to cause extensive degradation

éf the polymer surface. This polymer has also been the sub-’
ject of an extensive ESCA study of the modification of polymer )
surfaces by plasmas excited in inert gases by Clark and Dilks.21—.24
On this basié thé-tetrafluoroethylene-ethyleﬁeZcopolymer wasﬁ
chosen to bé the subject of a more detailéd investigation of

the effects of argon ion bombérdment_upon polymer surfaces.

This polymer having featured in extensive ESCA investigations
’previously conducted in these laboratories. Its structure 1is
known té be_largely alternating and it exhibits a large chem-
ical shift range, the contribution of the tetrafluofoethylene
components being “4.7eV removed from that arising from the
‘:gthylene compoﬁenté. . The ClS-COre level is thus well resolved:

any changés in structure are thus readily apparent.



pigure 4:2
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4.2 Experimental

4.2.1 Samples

Samples of ethylene-tetrafluoroethylene copolymer
(52% TFE) as a 30u extruded film polytetrafluoroethylene as
a'lOOu skived film were stodied'attached‘to a standard three-
sided spectrometer probe tip with double sidod "Scotch" tape.
Research‘gradevargon (B.O.C. Ltd.) was‘used in conjunction
with a Dow Gas Purifier to remove trace oxygen and water.
To investigate the possibility of sample contamination by the
ion beam polymerisation of residual'hydrocarbons pfesent in

23 '

the vacuum system the interaction of ion beams with gold foil

samples was also studied.

4.2.2_‘Instruméntation
Spectra of the treated samples were recorded using

the KRATOS ES300 spectrometer using MgKa and TiK radiation

1,2 %1,2 A
.Binding energies and ‘area ratios were determined by ourvefitting 
procedureslusing’the.DS3OO data system to a precision of +0. 2eV |
aod 5% respectively. Qéussian components being used to fit
the envelopes and an 'S'—shépod, Shirley type backérouhd24l_
ggotfégtion_procedure'being’used throughout prior to curve-
.fitting. | 1
In situ argon ion bombardment was carried out at
ambient temperature with an ion beam angle of incidence of ~60°
H(felativé to thé;sample,normal) using a differentially pumped
_VG‘Soieﬁtifio AG5 .electron impact ionisation ion gun, oporated
at ah argon pressure in the source region of ~5 x 10_5 torr

(maximum), fitted with a Wien mass filter. (The configuration

of the ion gun and SAC is shown in Figure 4.2). The ion beam
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was rastered over the sample surface, the maximum area of
irradiation was in general several times greater than that
Qf'thé sample area of the probe tip. The'ion gun delivers

a poorly focussed beam and hence was always rastered over

the sample surface to average out any inhomogeheities in the
beam. Ion beam currents (unsuppressed)‘were measured by -
means of a Faraday plate earthed through a Keithley 621 electro-
méter. The Ar+ ions used in these experiments spanned an
enefgy range from 1 to 5 kevf No charge neutralisation was
émployed. The area bombarded and beam aiignment were deter-
mihed in a variety of wayéi (l) moveﬁenﬁ of the'sampling
plate in:theAarea bonbarded; (a) etching through thin gold
filmsievaporated-onto glass sﬁbstrates; (3yiat higher beam'

currents, observing the fluorescence of a KBr disc in the beam.

4.3 Results and Discussion

4.3.1 Preliminary Observations on the Argon Ioh
Modification of Fluoropolymers

Preliminary expéfiments have established that
the argon ion iﬁdﬁced modification of tetrafluoroethylene-
ethylene copolymer and polytetrafluoroethylené surfaces may
be observed in the core-level spectra of the polymers after
significantly lower ion doses than émployed in previous ESCA
studies of the ion beam modification of polymers.

Initially a current density of 200nA cm-2 was

employed (this being equivalent to an ion flux of ~1.25 x lO]"2

ions cm_z sec_l), the sample being exposed to the ion beam so
that the total exposure times amounted to 10, 20, 40, 90, 160,

250 and 360 seconds. Figure 4.3 displays the ClS and F1S core
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Figure 4.3 ClS and FlS Core Level Spectra for a sample of
TE copolymer bombarded with argon ions (2.5keV,
200 nA cm”4) as a function of reaction time
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level spectra for a sample of the tetrafluoroethylene- .
ethylene'(¥52% TFE) copolymer treated with 2.5 keV argon
ions for periods up to 360 seconds. By way of comparison
the corresponding spectra for a sample of PTFE, similarly

treated, are displayed in Figure 4.4.

The ESCA spectra of the copolymer reveal extensive
loss of fluorine from the polymer surface on argon ion bombard-
ment. The integrated intensity of the F1S signal decreases

envelope,

relative to that of C,_ level and within thevC

1s 1s
the high binding energy QFZ component (281.4 eV) decreases

in intensity relative to features due to QH2 groups adjacent :
to CF, groups (286.7 eV) and 16wer binding energy CH,, CH
(285 eV) functionalities, With the cdnaaﬁtant emergence of
components of binding energy'intermediate.between those of the

; ng and CH, components of the spectra of the untreated polymer

2

“'due to CF features {(~288.5 eV). . The modification is also
accompanied by substantial increases in the FWHMs of the Cis
1evels,»ref1ecting the range of chemical environments

épd Fls

pfesent in the treated polymer surface.

The treatment of PTFE is marked by the appearance
of a broad range of features to the lower binding energy side
of the CF, component of the Cig

remains the most prominent feature of the Cls envelope through-

envelope. The QFZ component

out. The modification of the polymer is characterised by the

development of a tailing of the C spectrum to lower binding

1s
energies, representing ng, CF and C environments with a variety
of B8 substituents. (In an o position fluorine exerts a sub-

stituent effect, an additive shift to higher binding energies

of =2?7 eV and as a g substituent a shift of -0.7 eV per



Figure 4.4 Core Level Spectra for PTFE treated with argon
ions (2.5 keV, 200 nA cm~4) as a function of
reaction time
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fluorine: the two effects being approximately additive).
Thus this tailing is essentially featureless repfesenting a

wide range of chemical environments.

The epectra displayed in Figures 4.3 and 4.4 were
obtained.at a take-off angle of 309, the corresponding data
obtained at the more surface sensitive, 70°~takefoff angle
‘mirror the situation almost exactly. Subtfaction of the
Spectre obtained at 30° and 70° after normalisation, revealing
only small differences attributable to slight hydrocarbon con-
tamination accumulated over an experimental fun. in_each case
the treatment appears to be uniform throughout'the eampling

depth of the Cis level with MgKa'excitationv(i.e.'BANBGR),

1
The ion beam polymerisation of_extraneous hydro-‘
'oa:boq contamination in untrapped diffusion pumped systems has -
been reported. To exclude this possibility, a cleaned gold
sample-wes bombarded under similar conditioﬁs to those employed
in the ‘treatment of the polymer sﬁrfaces. The hydrocarboh con-

tamination was slightly decreased by the treatment.

leyvon prolonged bombardment, >2.lO15 ions cm—z,
isfanY-diScoloﬁration of the polymers’ooserved, a‘slight yellow-
ipg of the'previously white or colourless film being noted.
bifference.UV SPectra of.the ex?oeed and unexposed films did
not yield any useful information, the absorption being broad

and, essentially featureless.

4.3.2 The Ion Energy and Dose Dependence of the
Modification of Tetrafluoroethylene/
Ethylene Copolymer

‘Samples of the copolymer were exposed to

incremental doses of argon ions up to 4.5 x 1014 ions cm~? for
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vion energies from 1.5 to 3.5 keV. Only the initial stages
of reaction were investigated: almost complete defluorin-
ation of the surface regions being possible upon extended

bombardment.

The untreated copolymer exhibitéd a low level of

surface oxidation, giving rise to a small O signal (~1.5% of

1ls
the intensity of the Cls level = <1 atom % in the surface).
Argon ion bombardment resulted in the further decrease of this

low level of surface oxidation.

Figure 4.3 represents the changes in the Cig and

FlS spectra of the cdpolymer bbmbarded by 2.5 keV argon ions
ét a dose rate of 200nA cm_z, 1.25 x 10%2 ions sec”} of the
changes and modifications produced by argon ion bombardment
}by ions in the energy range 1.5 - 3.5 keV; Figure 4.3 is

ty?ical. The variation ih ion energy only essentially in-

fluencing the rate of reaction, and in general the 2.5 keV

data will be presented in diScussing the data.

The data contained in Figure 4.3 is more conven-
ient1y>represented graphicaliy as in.Figure 4.5 which traces
the variation df.the contributions of the various cdmponents
‘of the Cls level with increasihg ion doée. The Cls spectra
broaden considerably on exposure to the ion'beam, indicative
of the range of chemical environments ihtroduced. The deflu-
orination of the surface is accompanied by and may to an extent
be monitored by the approximately‘linear decrease in the equili-
brium charging attained by the modified polymer surface on ESCA

analysis. The C profiles being analysed in terms of 4 major

1ls
components, ng (B.E. ~291.6 eV), CF (B.E. ~288.6 eV), gHz

adjacent to CF, and CF groups in the range 286.6-285.9 eV and



Figure 4.5 Relative ihtenéitiés"of'the components of the Cigq spectrim Qfltetrafluoro;

ethylene/ethylene cdgolymer as'a‘function;of reaction time and accumulated ion dose
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hydrocarbon/defluorinated carbon matrix at’ 285 eV. The
attempt to distinguish between the last of these two environ-

ments is fraught with error and this region of the C profile

1s
is best considered as a whole, embracing all carbon atoms not

directly attached to fluorine.

The loss of QFz groups from the surface is accom-
panied by the rise of the components due to carbonaceous
material, the concentration of CF enyironments rises rapidly
initially to a limiting value of ~15% of the carbon envelope,
though ultlmately this is lost, only the single component due
to carbonaceous material remaining. As the reaction tends to
the almost complete defluorination of the surface layers of the
polymer, further problems arise in curve-fitting the ClS envel-
opes of the material.

The analysis is complicated by the emergence of
carbonaceous features having apparent binding energies less than
285 eV. The charge referencing of the material is difficult.
As the polymer is .depleted of fluorine the formation of isolated
CF2 groups might be expected with the concomitant move to lower
binding energy of the CF2 groups remainlng. When allowance 1is
made for this the results appear to indicate the true binding
energy of the carbonaceous material formed to be less than 285 eV.
(Normally used as an energy reference in the ESCA analysis of
polymeric materials). Prior to analysis the complicating Ka3’4

satellitee to the CF, feature of the Cis

envelope were removed

mathematically.



146

Figure 4.6 ln(FlS/Cls), ln(gﬁ/cls), ln(ng/Cls) and
’ ln(FZS/ClS) versus reaction time for a sample

of TE copolymer expoéed‘to an argon ion beam
(2.5 keV, 200 nA cm_2)
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4.3.3 The Depth of Modification

The Cls and FlS core levels and the essentially

core-like F2s level, provide a range of probes with which the
reaction's course over the depth scale appropriate to electrons
derived from each may be monitored. As a starting point to
attempt to gain some insight into the progress of the reaction}
the reaction was considered to be first-order with respect to
the surface concentration of the fluorine containing groups in
the polymer. A plot of the natural loQarithm of the ratio of
the integrated intensity of the Fls levels £o that of the Cls
level versus the bombardment time or ions dose is shown in
Figure 4.6 for the polymer>bombarded with 2.5 keV ions. The
corresponding plots for the QFZ/ClS and FZS/ClS-ratios is also
included. The rates of reaction derived from the slopes of

each plot‘(ml.2 X lO-3 sec—l, 9.6 x lO-l6

ion~l) are in close
agreement, again reflecting the apparent vertical homogeneity

of the reaction within the depth scale probed by the photo-

electrons derived. from the Fls and Cls-levels using MgKa rad-

iation (AF NQR,.XC n148%, AF2 ~228 - sampling depths, at
ls Tls S '

30° take-off angle, of m238, ~368 and 57% respectively). The

apparent homogeneity of the reaction in the surface region is

expressed in theclose similarity of the C spectra of the

1ls

treated samples obtained at 30O and the more surface sensitive,
70° take-off angle is restated in a more dynamic fashion by
the close agreement between the stoichiometries derived for

altered layer calculated on the basis of the F S:C intensity

1 ls
ratios and the CF, and CF components of the C,. level as shown

28
:C
S

in Figure 4.7. Attempts to use the F level to derive stoichio-

metries for the altered layer from F intensity ratios were

1 1s
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in poorer agreement with those determined from the more sur-
face sensitive Fls and ClS levels,; predicting slightly higher
overall F:C stoichiometries. This is consistent with the
formation of an overlayer of altered material upon a substrate
of unaltered polymer. The Fls/FZS ratio varies in a somewhat
erratic fashion (Figure 4.8) with increasing treatment time.
(This being due in part to the somewhat poerer signal to noise

ratios obtained for the F spectra).' However the Fls/FZS

2s
ratio shows a downward trend, decreasing by *10% during the

‘course of the experiment.

Considering the Cls and FlS levels‘to‘reflect the
stoichiometry of the altered overlayer of the polymer, model
ealCulations show that the stoiehiometries derived from these
levels would be little affected by the presence of an altered
layer 25-308 deep, upen a substrate of unaltered copolymer.

, Ip the initial stages of reaction the fluorine content of the
aitered layer only differs slightly from that of the belk, the
Fls/FZS ratio'is an insensitive probeei? detectinglfhis inhome-
geneity. The defluorination of a surface.layer 25-35 2 deep
has been calculated to produce only ea. a 10% decrease in the
Fis/Fés ratio for a surface layer having lost 50% of the

fluorine compared to that present in the bulk polymer.

From the density of the pplymer and assuming init-
'ialiy the reaction is confined to a 308 thick surface layer,
each incident argon ion is esﬁimated to remove +15 F atoms.
The results of thisiestimation are'preeented'in Table 4.1 below.
 The estimate makes the semewhat ﬁnrealietic assumption that the
numbef of C atoms in the surface does not ehenge,-these figures
being deduced on ﬁhe basis of the ehange in stoichiometry of

the surface layer in the first 40 sec. of bombardment.
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TABLE 4.1 Crude Estimate of Sputtering'Yield~of‘Argon Ions

Incident Argon Ion Energy ’ F atoms per ion
1.5 - | s
2.0 | B : -19.2
2.5 - . 16.0
3o 14.0
3.5 ,:f ' L ,14;9 o

ESCA analy51s of samples of copolymer subjected
_to a- total ion dose of =1 x lO14 ions cm -2 for argon ion

,energlesvof 2,3 and 4,keV u51ng both MgK and TiKa sources

(spectra‘being taken at’35 and 70 take- ~of f angles, Mg, and

o

357 take-off.angle Ti );' The MgK data show the presence of

" Ka
'zla homogeneously defunctlonallsed surface overlayer, the 7O

rsspectra yleldlng F ratlos close to that for ‘the pure

1s/FZS

‘3‘polymer, T oo ~7 6 whereas the F ratlos in the 35 :spectra

ls/FZS
are sllghtly reduced from thls value.V’ More graphlcally, the

C 'spectra ex01ted by MgK and Ti_ radlatlon obtalned at a

1s Ka

take-off angle of 35 for a sample of copolymer treated w1th
2 keV argen 1ons are shown in Flgure 4.9 together with the

hcorrespondrng spectra for the untreated polymer; whilst the
MIxs €is leVelsbof the'excited treated polymer have been much
ealtered by the bombardment this modlflcatlon is less marked
vln_the TlKa spectra. The polymer ‘surface region probed by

Ko

harder Ti, source bears a much closer resemblance to the
_spectra of the untreated polymer.

The copolymer was found to:degrade upon prolongedf

exposure to.Ti X-rays, therefore‘spectra were run as rapidly

Ka

as possible.
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The apparent homogeneity of the surface layers of
the bombarded polymer revealed by the comparison of stoichio-
metries derived from the C and F, levels excited by Mg

1s 1s Ka l 2
radiation for 35° and 70° take-off angles suggests the form—,
ation of an overlayer of altered material. This stoichiometry
is not reflected in the stoichiometries of the surface derived
from the Ti excited spectra, the deeper probing Ti

Kay,2 Koy 2
exc1ted spectra taken at a take of £ angle of 35° reflecting’
a higher fluorine content for the surface regionstthan the
‘excited spectra. On this—basis a sample model was

Ko
%1,2
adopted con51st1ng of an overlayer of material of the st01chlo—

Mg

metry predlcted by the MgK excited spectra upon a substrate
%1,2 S ’
of unaltered polymer. This substrate-overlayer type model has

already been discussed in Cﬁapter One; The Ti, 112 data has

| then been used to attempt to estimate the depth of the mOdlflC—
atlon. The st01chlometry reflected in the TlK 1,2 data re-
presentlng the exponentially depth welghted average of the
“st01chlometry of the altered layer g;ven by the MgKa excited

, _ ) ; 1,2
spectra and the substrate of unaltered material.

The corresponding data for 3 and 4 keV argon ion
fbombardment show the same behaviour. In each case, on the_
basis of the mean free paths calculated for electrons photo-

93

emitted from the C and F, levels by Ti Afadiation the

_ 1s 77 " 1s _ Ko
depth of modification is estimated to be of the order of ~30-358.
If the damage is caused by ions'aloue this would correspond tow
”ba range:of‘s60—70leor ions in the~polYmer. - In this analjsis.‘
a.simple overlayer of mcdified matefial.on.alsubstrate of ﬁﬁ;.
treated polymer is assumed. The substrate overlayer model has

been already discussed in Chapter One. No conclusions however

can be drawn as to the nature of chemistry of the polymer in
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this interfdcial region,:whlchfis undoubtedlyfgraded3ananot'

abrupt as presented.here. In angularvdependent measurements

"_ conducted to determine the‘position of thefinterface’in an

‘SiOZ/Si structure; Hollinger ét'alzlz have estlmated that

7_the resolutlon of the ESCA technlque 1s determlnlng the posxtlon
'“of the interface is lrmlted tova/B (Avls the-mean free,path

of the electrons emitted from the_core—levelvunder‘conSideration).

4.3.4 Absolute Intensities
The defluorlnatlon reactlon 1s accompanled by an
.1ncrease in the absolute 1ntegrated 1nten51ty of the Cl level,
Wreflectlng an 1ncrease in thé number den51ty of carbon dtoms

"present in the polymer surface. ThlS is 1llustrated in

LFlgure 4 lO as a plot of the ratlo of the total 1ntegrated

'”Wﬁlnten81ty of the Cl level at tlme t to the 1n1t1al Value of .

_the quantlty agalnst treatment t1me (or total ion dose) »Thev
f;ylncrease 1n thlS quantity being related to .an 1ncrease in the

::number of carbon atoms per unlt volume 1n the surface reglon,
5ihrsample as mlght be brought about by ‘a reductlon in the average
' n:spacing by the ellminatlon of bulky substltuents or
%sllnklng of polymer chalns.. Thls quantlty shows an- 1nitial.
firapld rlse w1th bombardment whlch slows after y40 seconds_treat-.

-;ment tlme (equlvalent to an ion dose'ofls'x 1013 ions’ém*z),

”-gby Wthh stage the absolute integrated intensity bf.the?cls

. _.level has rlsen by lo%, the stoichiometry of the film havingx

f?édropped from CFl 04 to CF ',Beyond thlS stage, there is: an

0. 8"

'-,'apparent decrease in the number den51ty of carbon atoms at the

surface before once agaln-lncreasing at a slower rate wlth
_1ncrea51ng ion dose. ?hisgbehaylgur‘was noted’oVer the range
- of ion energles used ‘The ;at;9f§§§e§'té 1.25 after a total -
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ion dose of ¥5 X 1014'ions.cm-2; (to be compared with there

being 'blO15 carbon atoms cm—2 in a polymer surface).

| Under bombardment‘by the low ion doses employed
in these experiments no incorporation of argon into the polymer
ﬁatrix was‘observed: no signél appropriate to the photo-
emission of electrons from the Ar2p leVels‘being dbSerQablef
(This région isvalso complicated by the presence’of the KB

satellite to the C,_ level).

1s
Neglected in the aforégoing discussion, but

Viﬁplicit, is the unsatufation introduced into the polymer

sﬁrfaCe by argOn ion bombardment. - A élight yellowing of the

films on prolonged bombardment has already been noted, indic-

ating the'formétion_of chromophores in the surface. Evidencé;
zfof the formation of unsaﬁuration in £he éurface from the ESéA
'd&ta is . scant. = The formation of’isolatedvdouble bonds wouid
- be accompanied by the development of a low intensity shake-up

satellite to the Cls

spectrum some 7-10eV removed from the
~direct photoionisation peak. = Thus such a weak feature would,

'be masked by the components of the Cls envelope or lost in the

“inelastic tail due to the low binding energy components of the

_'Cis_level; After an ion dose of ~l.1 x 10;4 ions gm_z a

lslight‘asymmetrylis seen to develop to the C

1s 2s

This is manifest as a slight raising of the backg:ound signal

and F envelopes.
to the high binding energy side of the direct photoionisation
peak (Figure 4.11(a)). After a dose of 10%° ions em™? the

: surfage.has been almost completgiy defluorinated, and the asym-

" metry in the C level is ﬁdw mafked,aé'depicted_in_Figure 4.11(b

ls
These spectra represent " the first stages in the defunctional-
isation of the polymer matrix,often referred to as carbonisation
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or graphitization of the surface (though these terﬁs may be

. misleading). The formation of polyenes upon the radiolysié
of‘poiymers‘has been noted by a number of workers using a
vafiety of probes. The'thermolysis of the hélogenated polymer,
poiyvinylchloride-hés been studied by a number of workers,24_57246
degradation by the elimination bf hydrogen Chloride resulting

-in the formation of polyene ségmentsnof the chain. The X—réy
degradation of this polymer has alsd'beenvstUdied by a &ariety
of probes including.ESCA, though in the interpretationlof”the
ESCA datavthe formation of this ﬁnsaturatioh.was neglected,z47
ESCA being used as a convenient methbd to monitor the stoichib—
metry'of £hé polymer whiist subjecfing it té X-ray degradation.

The MgKa excited Cls and Clzp'spectra for a sample of polyvinyl-

Ko,
presented in Figure 4.12. The loss of’chlorine from the poly-

chloride exposed to a Ti X-ray source (13.5 kV, 18mA) are

:.mer:is evidenced by the visible changes in the C envelope and

1s
the Cls/_Cl2p intensity ratio. Additionally the developing
asymmetry of the Cls peak is observable as a change in the

1e level sits. (The situation

is complicated by the presence of the_ihelastic loss.peak due

appérent'background on which the C

'tQ the nearby Cl2S peék beneath the ClS peak, but even when due

allowance is'made for this the C level is .seen to develop a

ls
tailing to higher binding energies); Similar results are
obtained from the ion beam degradation of PVC under conditions -

‘similar to those employed in this current study of tetrafluoro-

'ethylene—ethylene copolymer.

The removal from the high vacuum‘environment.dff‘
the spectrometer of the sample and its exposure toithe atmos—
phere and bromine vapour for 30 minutes fesults in the incorpor-

ation of bromine and oxygen intd the sample surface. The use
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of bromine to label unsaturation in polymeric materials for
ESCA aﬁalysis has already been demonstrated by Briggs.243
However bromine would also serve to label any radical sites
introduced into the polymer surface by argon ion bombardment .
Also were polyene type structures to be formed they too would

be susceptible to atmospheric oxidation.244

4.3.5 Kinetic Studies of the Ion Beam Modification
of Tetrafluorcethylene-Ethylene Copolymer

As én entfy point into understanding the defluor-
ination of the surfacé of a tetraflqoroethylene-ethylene co-
polymer by an argon ion beam cohsider the treatment of

Benninghovenls2 of a-single monolayér 6f material deposited
upon a substrate, and the sputtering of that monolayer_(though
hefe, sputtering is takeh to_encompass-material ejectéd by
direct physical Sputteriné or as a result1of chemi¢a1 reﬁrranQe_
mént of metastable species broduced as a secondary result of
argon iQn bombardmeht). Onisputtefing, for a single monolayer
: 6f-materiél, if it is chdsen,to monitor a given component of
that surface whose relative surface coverage at time t=0 in Q(O),V
giéen an ion fiux which is cohstant_with.time, this relétiver
coVérage will diminish as:

o(t) = 08(0) exp (/1) (4.1
where t is the average lifetime of a monolayer, being related
to the incident.ion flux, the sputtering yield of the monolayer
to ions of a given energy and the number of particles per cm—2

in the'monolayer.

The treatment has been found to produce uniform
modification of the polymer throughout'the depﬁh scale probed .

by Mgﬁa excited core-level spectra: . Hence treating this layer
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as a whole, by using the various core leveis to probe the
course of reaction, it was attempted to interpret the reaction’
:in terms of avsimple first—order type process. Plots of

the natural logarithm of the ratios of the lnten51ty of the
and CF features to that of the C core-'

, F and the CF

2s 2

level against time (or accumulated ion dose) show evidence of

F,
is

the involvement of at least 2 distinct processes in the te—
action scheme (vis the plot shows very distinctive corVature),
Figure 4.6 . Initially.the‘defluorination of the polymer pro-
ceeds rapidly until ~20% of the £luorine originally present in
the polymer surface has been lost, thereafter the defluorin-
ation.reaction proceedsvat a much reddced rate. These features
are illustrated in Figure 4.5 for the 2.5 keV argon ion bombard-
ment of the copolymer. For a fiXed.ion flux of>ZOO nA'cm;
whereas the initial rates of reactlon show a varlatlon with

the klnetlc energy of the 1nc1dent 1on as shown in Flgure 4.13.
'The rate of the slower defluorlnatlon process appears 1nvar1ant
to thé incident ion energy. The trahsition between the initial
rapid reaction and the slower, longer'iiﬁed'reaction is aiso |
echoed in the transition in the plot of the increase in aosolute
intensity of the C |

1s
~Figure 4.10. It is not clear however whether this transition

level with increasing ion dose depicted in

is the cause or effect of the change in the rate of defluorin—'

ation of the surface.

4.3.6 The Modlflcation of Polytetrafluoroethylene (PTFE)
' Surfaces by Argon Ion Bombardment. :

In contrast to the ion beam modification of the
TFE.E copolymer the argon ion bombardment of PTFE does not pro-

. duce so extensive or so rapid.defluorination of the polymer
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Figure 4.13 Variation in reaction rate of tetrafluoro-
" ethylene/ethylene copolymer with incident
argon ion energy S
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surface under the same mebardment ébnditions; - Samples of
PTFE were exposed to incremental doses of argon ions up to

4,5 x lO14 ions cm_2 for ion energies from 1.5 to 3.5 keV.

The spectra in Figure 4.4 typify the changes introduced into
PTFE surfaces by afgon ion bombérdment, they relate to the
treatment of'PTFE by 2.5 keV argon ions at an ion beam current

density of 200 nA em” 2.

Whereas,for the copolymer, the modification of
the polymer surface from a single dose was found to producé an
effect equivélent to that produced by a sequence of smaller
doses (so as the total dose received by the polymer is the same
in each case), this situation does not appear to obtain for DTFE;
sequential doses leading to higher degrees qf defluorination
than a single bombardment. -~ The possibilityvof hjdrocarbon con-
tamination from the wvacuum sysﬁem as a result of repeated ESCA
analysis is discounted; the hydrocafbon levels in the sample
analysis chamber beiﬁg low (the argon ion gun can be used to
bombard aﬁd clean the X—ray gun window and éap thus reducing
the'possibility'of hydrocarbon contamination accumuiating during
analysié); C:F stoichiometries of the altered'layer derived from
the F

:C integrated intensity ratios and from within the C

ls" 718 1s

envelope are in close>agreement. The "single shot" exposure
of a sample produces a lower apparent degree of defluorination,
and the lower binding energy carbonaceous material contributing

less to the overall C envelope. The C S envelope of PTFE

_ 1ls 1

after such a treatment is illustrated in Figure 4.14, it shows
gualitatively the same profile as for PTFE bombarded with 500eV
Xenon ions as presented in the work of Rabalais et al%sl However

differing markedly from the spectra presented by Cadman and.

Gossedgel68 in which much highér ion doses were employed



. 165

(500eV Ar+ luyA, 30 min), the C envelope of the treated

1s
material showing a much more prominent feature due to carbon-
aceous material representing a surface much more depleted in
fluorine (+v<50% of the fluorine content of the untreated
polymer remaining) than found in the work presented here.

Cadman and Gossedge168

also noted that upon standing in UHV

the surface of a treaﬁed sample‘became refluoﬁnatea, perhaps

by the migration of low molecular weight polymer molecules to
the surface on standing. In an attempt to reproduce this
effect a sample of PTFE was exposed to an ion dose of lO15 ions
cm-2 of 4 keV argon iQns.. No increase in the fluorine content
of the surface was observed after periods of up to 8 hrs. stand-
ing in UHV at an ambient temperature of 250C, subtraction of
the initial spectra from those 6btained on standing failed to
>vrevéa1 any significantvdifferénces;save for a slight accumul-
ation of'hydrocarbon. (The operating conditions of ion eneréy
and beam current are not comparable with those employed by
Cadman and Gossedge,168 however the modification of the polymer
surface has been found to vary littie with ion energy. The
highgr fques employed by these workérs may give rise to a much
more disordered,’opeﬁ structure than the aoses employed in this
.wpfk; the dose rate employed in this work being estiméted

to be éﬁ order of magnitude lower than that employed in the

work of Gossedge.192

© This may imply the presence of a more
highly ordered, crosslinked.suffacé layer preventing the migratior
~of émall polymer molecules to the surface. Indeed the low
energy.iéﬁ beam treatment of polymef surfééés'forms the basis

of an inQention described in a paﬁent for the production of

a barrier layer on a PVC surface to prevent plasticizer

migration).



166

The ion beam treatment of PTFEVis accompanied by
an increase'in the total'absolnte integratédvintensity nf_the
ClSApeak at both take-off angles, 30° and 70°. The increase
reflecting the decrease in the average interchain spacing as
the polymer cross-links. In the sequentialiy treated surfaces,
inifiallybthere is a decreasé in the absolute intensity of the

C, .. signal until ~20% of the fluorine in the surface has been

ls
removed. This may be due to a requirement to femo?e a_certain
amount of fluorine from the polymer chains to permit moVemen£
:and.approach of two chains to form a crosslink; also to create
snfficient active sites to»promote cross-linking. Thereafter
thé absolute intensity increases as the polymer cross-links. |

(Such behaviour was also noted in the hydrogen plasma treat-

ment of PTFE as described in Chapter Three).

A component analysis'Of-the C envelope with.

1s

- increasing accumulated ion dose of the spectra illustrated in

Figure 4.4 is given in Figure 4.14.: The component due to CF2_

features is seen to decay to v55% of the envelope, its demise
is mirrored by the concomitant rise df>features due to carbon-
aceous material C. CF features rise rapidly to form ~10% of

1s envelope. A small shoulder due to CF3 functionalities

forms on the high binding energy'side of the QFZ component of

the envelope at 293.5eV binding energy. The bombardment of

the C

tne copolymer did not result in the appearance of any feature
due to CF3 groups. The formation of trifluoromethyl‘grdups

can be envisaged as arising from the recombination reaction
between chain fragments'and fluorine atoms formed by the kinetic
dissociation of a polymer chain by an incident ion. The ab-
straction of a fluorine atom ffom another polymer chain by a

radical is less likely, the reaction being at best thermoneutral






168

and possessing a high'activationvenergy due to the strength

of the C-F bond and the low polarisability of fluorine.

Throughout the reaction the position of the'CF2

cdmponent of the C spéctrum remains at 292.2eV. This is

ls
the binding energy appropriate to a CF, group in a perfluoro-

2

ation being that the degradation of the chain is not random

environment, Z.e. adjacent to other CF. groups. The implic-
throughout its length but restricted to regions of the chain,
portions of the chain remaining untouched. Whilst ESCA can

be used to‘follOW'chahgesvin the surface chemistry of the polymer_
.on bombardment it yields no evidence for alternative mechanisms_

of degradation baééd-on the loss of;qhain_segments.

'Asbnoted before the.copolymer the reaction appears
to pfoceed_rapidly initially, with psuedo first-order rate
constants1for the process of ~6.2, 5;1 and 3.68 x 10-3'sec—;

for ihcident ion energiés of 1.5; 2.5'and 3.5 keV respectively

at an ion current denSity of '200nA cm—z. . The rates afé com-
'parable to those obtained for the copolymer, again the raté is
seen to‘decréase with increasing ion energy..-:The secoﬁd re=
actioﬁ éppears to be considerably slower, no;figure-being put

on this second rate constant. -Thé first rate pquess represent-
ing the formation of an equilibrium surféce layer; after this

is eétablished the defluorination slowing the réaction then
’consisting of the'erosion ofvthe surface whilst maintaining this

barrier layer.

Upon prolonged’treétmentv(30 min, 5 keVv Ar’ 100nAkcm-’

the modification is found to be uniform throughout the sampling

depths for C electrons excited by MgKa'and Ti . X-ray sources.

1s K
The stoichiometry of the layer being the same (within the limits
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of experimental error( derived Mg and Ti ’fdata. Thus
Ko Ka

the depth of the altered layer is at least the sampling depth
of L excited Cis electrons, Z.e. >36%. The lack of sensit-

ivity of the Ti, anode due to the poor signal to noise ratio

Ka
of the spectra does not allow an upper limit to be placed on
the depth of modification.

Treatment of an exposed sample to bromine vapour
again results in the incorporation of bromine into the polymer

surface, to a greater'extent for PTFE than in the case of the

copolymer.

4.3.7 Mechanistic Aspects of the Ion Beam Modification
of a Tetrafluorethylene-Ethylene Copolymer and
Polytetrafluoroethylene

The ion beam bombardment of these polymers is
found to cause extensive defluorination of the polymer surfaces.
It‘is important to note that‘ESCA1only interrogates the Chemistry
of the altered‘layer produced by suoh treatment, the nature of |
the gaseous products of.the reactions. can oniy be inferred...
During bombardment the pressure within the-sample analysis
chamber remains unchanged in the low lO—8 torr region. Whereas
~ the bombardment of the copolymer is found to_lead ultimately
to the formation of an almost completely defluorinated surface;v
the extended treatment of a PTFE surface results only in an
intermediate degree of defluorination (the exact extent dependlng
upon the bombarding condltlons). Previous ESCA studles of the
”surfaces of samples of PTFE bombarded by noble gas ions have
: shown two distinct types of modlfled 1ayer- Cadman and Gossed%g8
bombarded PTFE with 500eV argon ions at an ion current of 1luA

for 30 minutes, the resultant C sPectra had a doublet type

1ls
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appearance, the intensity of the gFZ'component being approxim-

. ately matched by the intensity of that due to carbonaceous

material at lower binding energies; Sovey166

et a1 obtained C,o spectra which display a much lower car-

bonaceous component, the dose rates emplOyéd by SOvey166 being

and Rabalais

two orders of magnitude greater than those of Cadman and

168 The former type of behaviour might be explicable

Gossedge.
in terms of hydrocarbon contamination of the sample surface,
however angular dependent'measurements reveal the‘modification
to be uniform"throuéhout'the ESCA éampling,depth. More pléus—
ible explanations would rest on différences in ﬁhe relative
pfoportions of the crystalline‘and amorphqus regions of thé

polymer surface or a balance betweeh the mbdification of the

Apolymer surface and the sputtering of components of the surface.

Where for the copolymer the modification introduced
by'an ion dose accumulated in several stages is the same as that
from a single dose, for PTFE this is not the case. In the case
Ny bf PTFE_highér degreés of.defluofination are obtained from a
dose accumulated in several stageé, suggesting the invqlvement
6f a 'dark reaction'. At high dose,ratés the sputtering of‘
-fluorocarbon:fragments being the dominating proceés. The
‘main gaseous product of the plasma decomposition of PTFE has

248

been found by Mathias and Miller to be C If this were

SFy
the main product of the argon ion modification of PTFE then
little change would be observed in the C:F stoichiohetry of‘
the_mbaified la?er. Where for the cqulymer,energy transferfed
td the latticé’may be rapidly.aissipated by'the elimination of
hydrogen fluoride, no such péﬁhway exists fof PTFE. The

changes in the chemistry of the surface layer being due to the
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attack of radicals on adjacent chains and radical recombin_
ation as the active species introduced by the bombardment decay.
The Somewhat higher incorporation of bromine into treated PTFE
~films would point to the introduction of somewhat higher con—1
centrations of unsaturation or radicais into the surface of

PTFE than for the copolymer.

The presence of unsaturation in the modified layers
may onlyvbe'inferred frOm'the ESCA analysis.from the stoichio—
metries of the aitered_layer and slight variations in the line-
" shape of the various core levels monitored | No distinct shaEe—
up features being noted though such features would be low in
71nten51ty and ea51ly swamped In each case the vellowing of
‘the polymers upon prolonged bombardment would suggest the
creation of conjuéated-polyene units. The introduction'of

249 who ob-

unsaturation into PTFE has been observed by Ryan
.served ‘changes in the infra—red spectra of PTFE upon ¥y radio—

‘lysis. Other studies of the rad101y51s of PTFE have 1dentif1ed
CF4'and‘F2 as the'main products of‘the radioly51s. The results'
of_many suchhstudies-of the interaction of high energy radiation

with PTFE have been reviewed by Charlesby.2°?

' TheAenergetics of theﬂdegradations of the copolymerA
and PTFE differ markedly.r In PTFE therC—F.bond is consider-
ably stronger than the C-C bond, thus fission of the C-C bond
‘is,favoured, leading to the production of‘fluorocarbon frag-
ments, the evolution of fluorine is less favourable,'the F-F
bond is weak, F_obétruction by F* would.be a highly endothermic
reaction with a high'activation enerng o

Contrastingly the degradation of the copolymer of

tetrafluoroethylene and ethylene may occur by a variety,of.
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routes,AC—C and C-H bond fission may lead to a variety of
radicals, the recombination of radicals producing a "hot" chain
'ségment, de-excitation of which could result in the elimination

of HF or H, .

The rates of defluorination of the polymers are
found to decrease with increasing incident ion energy. The
decrease probably being due to the increased sputtering of

segments of. the polymer at higher ionrenergies.

As the particle enters the polymer, at high ion
energies nuclear collisional processes are. important, as the
particleafélows electronic excitation of the matrix becomes
a more important'stoppingfmechanism; the former resulting-in the
less specific fragmentation of the polymer matfix, and thé'latter
procéss reculting in eiectronic excitation and the production
of sécondary electrons. The decompoaition'of valence»ioniséd
chain segments leading to the modifiCaticn of the surface.
The}appareht lack of variation in the depth‘of mddification
‘introduced by bombardment with ions cf various kinetic enérgies.
This being explicable were the dépth cf modificationvto be
dictated by the ranges of low energy electrons in the matrix

rather than the range of the ions themselves.

4.4 Conclusions

t‘The modification of the surfaces of PTFE and TFE;EIco-
' po1ymér follows.thevtrends observed for bulk polymers for the;
completeiy.fluorocarbon'p01ymer, ?TFE, dégradaticn dominates. .
For both'polymers the rate of deflubriﬁation decreases with

increasing treatment, reflecting the increased difficulty in
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sputtering fragments from the'crOSSElinked polymer. = The
ion _beam‘tréatment'of polymer surfaces is seen to result in
the formation of a modified laYér several 10s of Xngstroms

deep on the polymer surface.
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CHAPTER FIVE

THE ARGON ION BEAM MObIFICATION OF PCLYMERS

CONTAINING_CARBON, HYDROGEN AND OXYGEN




175

5.1 Introduction

Interest has recently been shown in the use of ion beam
techpiques to modify the properties of poljmers and organic
compounds. Originally much of this type of work was directed
toward the modification of the adhesion propertles of materials
for bonding and metallisation, with the w1despread use of ion
implantation equipment in the electronics industry, current
interest has come to focus upon the use of ion beam techniques
to modify the electrical properties of polymeric materials.

AThe conductivities of films of pelyacetylene175 ahd poly-
phenylene sulphide251 have been greatly enhanced by ion im-
plantation into these films. In the case of polyphenylene
sulphide (Ryton),251 increases of 14 orders of magnitude in~
conductivity have been reported. The ion bombardment of poly-
aeetylenevhas been shown to modify the copductivity, optical
properties and the stability 6f such:films to atmospheric oxid-
ation. The ion bombardment of thin films of organic material
(3, 4, 9, 10 perylenetetracarboxylic acid dianhydride, 1, 4, 5,
naphthalene tetracarboxylic acid dianhydride and nickel
phthalocyanine) with 2MeV argon iens has been feund to produce
large coqductivity changes in the films,253 the films-darkening
and finally taking on a shiny black appearance on prblonged
treatment. During the bombardment, up to 70% of the oxygen
originally present in the films is lost. The same authors have
also studled the modification of polyv1nylchlor1de, polymethyl-
methacrylate and a proprletary reslst materlal.252 In each

case the treatment of cast films of the materials is found to

lead to the loss of the most electronegative elements present
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in the polymers. At high electron and ion beam irradiatiou
doses, polymer films commonly uséd as positive resists iﬁ
electrbnic device fabrication behave like negative resists.
At high ion beam doses the polymers darkened and became
brittle. From detéiled Raman measurements Kaplan et a1252
concluded that the éltered film was essentially'graphitic

in character, consisting of gra?hite_crystallites of dimens-
ions of the order of 30R. The conductivity of the films
being ascribed to a hopping mechanism between‘cfystallites,
though the possibility of a one dimensional conduétion meghan—
ism was also considered. The darkening and defunctionélis-
ation of polymefs has also been obser?ed using lower enérgy

ion scurces (in the keV range), though the modification is

then réstricted to the surface regioﬁs of the film, on con-
trast to the treatment by 2 MeV argoh ions whose range in
polymeriqvmaterials.is of the order of a micron, and hence
produced modificafion throughout a film. In the study of the
_effects of ion bombardment on polymef surfaces, ESCA has ofﬁen
been employed to interrogate the structure of the final surface

Produced.162—164' 166-168, 175

In the current study the aim
is to use ESCA in a more dynamic fashion to monitor the changes
introduced by much lower ion doses in the very first stages of
such-reactions.

At first sight the ESCA analysis of purely hydrocarbon

254,255

systems is very limited. However the observation of

low energy shake-up satellites in homopolymers has been shown
to provide a useful extra level of information in reflecting -

34,256

the unsaturation or otherwise of a material. The

utility of shake-up structures as a probe to elucidate pdlymer
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structure has been demonstrated by Clark and Dilks for a

.wide range of substituted polystyrenes and polymers containing

34,356

pendant aromatic groups. The origiﬁs of these features

were briefly discussed in Chapter One.

3 3
\_/
/TN )
A = [// = + n <C:::>
n
I IT.
Figure 5.1

5.2 Experimental

5.2.1 Samples

The investigations involved a total of nine differ-
- ent homopolymers studied in film form. The ofigins of the
polymer samples are detailed below:
(1) High density polyethylene (HDPE) TFE 554 supplied by'
the Metal Box Company, dontaining the anti-oxidant
Irganox 1076, [Octadécyl 3—(3,5—ditambutyl—4-hydroxyl—
phenyl)] at.the 0.016% level.
(2), Low density polyethylene (LDPE) C37 TFE 628 also supplied
by the Metal Box Company, conﬁaining.low ﬁoncéﬁtrations
of the additives, Topanol OC [2,6—ditertbutyl—p?cresol]
and Irganox 1010 [Pentaergthritol tetfa—3—(3,5-ditertbuty1—

.4:hydrbxylphenyl)propionate}.



178

(3) vPolyisoprene cast on to an alumiﬁium foil substrate
from a 2% wt/vol solution in chloroform.

(4) Polystyrene film was supplied by Prof. A. Curtis of
Glasgow University.

(5) Polyacetylene was produced in s<tu under high vacuum
conditions of a pre-polymer I shown in Figuré 5.1.  The
pre-polymer was kindly supplied by Dr. J.H. Edwards of
Durham University. The pre—poiymer was dip coated from
acetone solution on £o a standard ES3OO probe tip énd
introduced under an H2 atmosphere into the sample analysis
chamber of the spectrometer in the normal fashion. The

‘ pre-polymer I was then decomposed by raising the temper-
atﬁre of the sample to 60°C by means of the in-built
heater housed in the tip of the sample inseftion probe
to yield pquacetylene with the conéomitant evolution of
l,2-bis(trifluorométhyl)benzene. The process has been

fully detailed by Edwards and Feast257

from whom the sample
of the pre-polymer I was obtained.

(6) Polymethylmethacrylate (PMMA) was cast as a thin film on
to aluminium foil substrates from a 2% wt/vol solution in
chloroform.

(7) Thin films of Poly n-butyl methacrylate, Poly—SeCfbutyl
methacrYlate and Poly-t-butyl methacrylate were cast from

2% wt/vol solutions in chloroform on to aluminium sub-

strates.

.The 'studies also involvedjspeétra obtained from
samples of:
(1) Graphite orientated parallel to the basal §lane, cleaved
to yield a fresh surface. The oriented graphite sample

was obtained from the Union cafbifie Corpu¥éfion.
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(2) Anthracene ex B.D.H. Ltd., Microanalytical Reagent.
(3) Chrysene ex Phase Separations Ltd.

(4) Pyrene ex Koch Light Ltd.

(5) Perylene ex Ralph W. Emanuel Ltd.

(6) Coronene ex Phase Separations Ltd.

(7) Ovalene ex Ralph W. Emanuel Ltd.

5.2.2 Sample Preparation

Films were mounted on a spectrometer probe tip
by means of double sided "Scotch" tape in the usual fashion.
The graphite sample was attéched.to the probe tip by means
of 2 Brass screws. The polycyclicvaromatic compounds were
studied as powders pressed onto the tape with a metal spatula
and the excess which had not adhered blown.bff with argon.
Cooling was employed in ruﬁning the-polycyclic aromatics.to

prevent the sublimation of the samples in high vacuum.

5.2.3 Ion Beam Bombardment and Sample Analysis

Details of the ion soﬁrce‘used have been given
in Chapter Fouf. Argon (Research Grade, BOC. Ltd) being used:
the ion beam being rasteréd to its fullest extent to average
6u£ the inhomogeneous nature of the ion beam profile. Ion
energies from 1-5 keV being employed at current densiﬁies of
the order of 100 nA cm_z, for exposure times of up to 2 hrs.
Ion currents were monitored using a Faraday plate earthed
through a Keithley 621 Electrometert After exposure samples
Were turned to face the X—ray'soufce'for the ESCA analysis.
The pressure‘in the saﬁple analysis chamber of the ES300 spectro-

8

meter during ion beam bombardment was 4 x 10 ° torr, dropping
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8

to <1 x 10 ° torr during ESCA analysis. Spectra were re-

corded using MgKa and TiKa radiation. Spectra were
1,2 1,2

recorded in digital fashion using the DS300 data system, on
which data analysis was also performed. Binding energies

are quoted to an accuracy of *+0.2 eV, area ratios in general

to'better than 2% accuracy. In géneral’spectra of the films
were taken at a take-off angle o§ 3507 For the powder samples
the take-off angle was optimised on the Cls level. The

asymmétry developed by the Cls

bombardment represents a problem in estimating the total in-

core-level spectra during ion

tensity of the level as the tailing is also part of the total
intensity of the level (as is shéke—up). 'However the data
analysis package employed enforces an S shaped, Shirley-type

241 which may be inappropriate.

background subtraction routine,
This is not thought to seriously affect the interpretation of

results.

5.3 Results and Discussion

5.3.1 Polyethylene and Graphite

Polyethylene may seem an unlikely candidate for

"an ESCA investigation of the argon ion modification of polymer
surfaces. The High Density Polyethylene, (HDPE) used in

this investigation provides only the Cls and valencenlevels

in the ESCA spectra as probes to the modification of the sur-
face. (The ESCA spectra also revealed a very low degree of
oxidative functionality to be present on the‘sample's surfacé)-
This low degree of oxidation (<0.5% of the intensity of C, g

level) is not reflected in the C,_ spectrum of the HDPE which

e e B SN

1s
iabe o : T R wnene AT L
consists of a single symmetric pedl ©f HWHM 6f 1.6 eV with a
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binding energy of 285 eV. This is illustrated, together
With the valence region of HDPE, in Figureb5.2. The éom;
paratively well resolved valence fegion displays two distiﬁct
structures superimposed upon a broad iﬁelastic background.
The two most prominent features are assignable to electrons

photoemitted from orbitals predominantly C in character,

2s

the leftmost is assigned to the bonding combination of CZS

orbitals, at 18.8 eV, the rightmost to the anti-bonding com-
bination at 13.3 eV. The lower energy, low intensity band is
assigned to a C-H band (orbitals formed by the combination of
65 |

C2p and Hls

orbitals).
The effects upon these levels of the bombardment

of HDPE by 5 keV érgon ions at an ion current deﬁsity of

100 nA ém_z (z6.25 x_lOll ioﬁs cm_2 s§c_l) after expoéure times
of 0,5,15,30 and 60 minutes are presented in Figﬁre,S.Z. In;
ﬁhe valence band, the reaction.is marked by the loss of thé.two
distinctive structures present in the C-C region of the un--

treated polymer. . The width of the C-C, C ¢ region broadens

2

with increasing treatment. In the initial stages of reaction,

the valley between the bonding and ahti—bonding components of

2s

emergence of at least two more features. The valley between

the»C region of the untreated polymer is filled in by the

the C and C2p { C-H) region is also filled. Even for com-

2s
paratively simple polymer systéms the interpretation of the
valence region requires detailed calculations on model systems,
if such spectra aré-to be used for anything other than to
fingerprint the polymer. The interprétation of the valence
region of a treated polymer surface is thus restricted to com-

parison with the valence bands of other polymer systems.‘ The

valence regions of polystyrene and graphite are presented in
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Figure 5.2 (a) C core lével spectrum of a sample of HDPE

1s

bombarded with 5 keV argon ions (100 nA cm~2)
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Valence band region of the
ESCA spectrum of a sample of
HDPE bombarded with 5 keV
argon ions (100 nA cm~¢)

Figure 5.2 (b)
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Figure 5.3, the valence band spectra of HDPE, LDPE and
polypropylene have already been presented in Figure 1.7 in
Chapter One. As the valence région reflects long range
interactiéns in polymers comparisons are dangerous. The
introduction of sidechains onto the polyethylene backbone

results in drastic broadening of the C S'region of the valence

2
band. The interpretation of such spectra may be extrapolated
from the data recorded for thersaturated'hydrocarbon identified
with the monomeric unit associated with that section of a poly-

mer; e.g. polypropylene and propane.65'255

In going from
polyethylene to polypropylene one hydrogen atom is replaced '
by a methyl group, this results in an intense structure locaﬁed
in the middle of the C-C, (Czs) band. Tentatively, the ener-—
gence of features between the two distinctive features of the.
CZS spectrum of the untfeated poiymer, may be ascribed to Cross—
linking and branching reactions. After an ion dose of

5 x lO14 ions cm_2 the valence band shape closely resembles

that of graphite.

Consideration,of*the C core-level spectra for

1s
the treated samples reveal a slight decrease in the equilibriﬁﬁ
cﬁarging shift attained by the sample under ESCA analysis.
Though it is difficult to separate slight chemical shift effects
from variations in sampie charging for such samples. quever
the use of adventitious hydrocarbon for energy referencing in
the ESCA analysis of metal surfaces cleaned by argon ibn bom-

58

bardment has been questioned by Jatee‘et alz who obtained

values ranging from 284.1 eV-to 283.1 eV for the binding energies
of C,g core levels of the adventitious'hydrocaﬁbon contamination

on the bombarded samples by using the core-levels of the metal

A ey

A AL - [ ]

ThaarPuta S e w0 B b T B
SiBstEats fbr energy reéferencing. Hénde Vhlues quoted for



185

Figure 5.3 Comparison of the valence band regions of
Graphite, Polystyrene and Polyvinylnaphthalene

T Graphite

Polystyrene

Polyvinylnapthalene

0 30 20 10 0
 BE.
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the charging shift § may be in error. In'hydrocarbon systems

possible C binding energies range from 285 eV for polyethy-

is
lene, to 283.6 for polyacetylene (polyene).

On bombardment the C levels broaden considerably

1s
from 1.5 eV FWHM for the untreated polymer to c¢a.l1l.9 eV on

prolonged treatment after 2 hrs. of bombardment.

Whereas for untreated polyethylene the Cl;-spectrﬁm
donsists of a single symmetric peak, the background of inelast—
ically scattered electrons rises linearly from a point S.eV
to the higher binding energy side of the diréct}photoioniSatiOh
peak, upon bombardment the peak develops an asymmetric taiiing
to higher binding energiés. The difect photoionisation peak
ndw appears to sit upon a rising background, due to the éuper—
position of the asymmetric tailing of the direct:photoioﬁisation
peak and the inelasfic.background.a This situation is illust-

rated in Figure 5.4, in which the C envelope of untreated

1s
HDPE is compared with that of the polymer after having received
an ion dose of 5 x lO14 ions cm_z. Similar asymmetric ClS
lineshapes are also observed for plasma polymerised ethylene

films.

In a qualitative sense the increasing degree of

asymmetry diSplayed by the C core level spectra may be correl-

1s

ated with the increasing density-of-states, DOS, at the Fermi
edge of the valence band.8 In XPS'the valence band spectra in
the :egion of the Fermi edge closely resemble the dénsity of |
occupation of the electronic levelé of the material examined, 
the so-called density-of—states.‘ For an insulator, e.g. uh—
treated polyethylene, the DOS for the polymer at the Fermi edge

is zero, the Fermi level lying in the gap between the filled
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Figure 5.4 The developing asymmetry of the C1s core level
of HDPE upon ‘argon ion bombardment
(1) untreated HDPE

(2) after an ion dose of 5 x lOl4 ions cm
(Ar", 5 keV)

—t

2% 290 285
BE.
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valence levels of the polymer and the higher lying anti-
bonding orbitals in the "conduction" band.  Graphite and

polyacetylene C levels also display asymmetric lineshape.

1s

The situation is complex, in that the Fermi level is ill-
defined for an insuléting material. In cases where the
density-of-states curve just above the Fermi energy provides

a continuous range of allowed one-electron excitations which

33

can occur during core-level emission, in processes analogous

to the shake-off and shake-up transitions discussed in Chapter

One.

In bulk studies of the radiolysis of polyethylene,

the dominant reaction is reported to be croSslinking,ZSO’259

this indeed forming the basis of ‘a multi-million pound bhusiness

260y Y radiolysis of poly-

261

in speciality polymer prodﬁcts.
ethylene in vacuo has been shown by Dole to lead to the
formation of polyenes. Crosslinking of a matrix containing
‘polyenesior the dehydrdgenation of a cross-linked matrix and
inter and intra chain cyclisation processés262 could be envis-
aged as possible routes to the formation of the disdrdefed
graphité like phase formed on argon ion bombardment. At no
time during the bombardment of polyethylene’is a discernible -

shake-up satellite to the C direct photoionisation peak ob-

ls
served. The implication being that rather than the random
elimination of hydrogen taking placé along the polymer -chain;
once an unsaturated site has been created the unsaturation grows
from that point. This could be envisaged in terms of a mechan-
ism for the dehydrogenation by means of which secondafy elect-
rons produced by the.initial ion impact intermet with these |

initial sites of unsaturation exciting electronic vibrational

transitions of the polymer chain, resulting in the elimination
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Vof hydrogen’from the system :a‘Though no facility~for detecting.
'_-gases evolved by the sample during bombardment were present on
the 1nstrumentation used, bulk radioly51s studies by Mlller
et aZ 4 using reactor radiation have_shown the bulk of the gas
_evolved during such treatments‘to be hydrogen.A Most authors
hhave assumed that the: mechanlsm of elimlnation of hydrogen 1n-
l~volves the molecular detachment of a hydrogen molecule from the
.pclymer chain, a vlew supported by the absence of any actlvation
enérgy for the process.
The cross linking of the surface layers on bombard-
‘ flment leads to an increase in the number den51ty of carbon atoms
l in_the‘surface.reglons:of the polymer, this 1svreflected»1n tne
iincrease‘inithe integrated.absolutejintensity'ofpthe Cisnlevel
i’_7__'w‘.;L.t,'.:l'r_x-:in‘creas"i?ng_'ion dose as shown in.Figure 5.5. | .
'lf.fv-'h_ Argon incorporatlon 1nto the sample surface during
'1the bombardment 1s sllght the 1nten31ty of the Ar2p peak 1s.

v less than 2% of that of the C level correspondlng to nO. 5

1ls
-atom Ar belng incorporated 1nto the altered layer. Thls is

) much less than for a sample of graphlte 31m11arly bombarded
'Whlch 1ncorporates ml 2 atom % Ar, upon bombardment the dist-

- inctive plasmon satellite structure to the C dlrect photo-

1s

‘Pf:fionlsation peak is lost, reflectlng the loss of the long range
S order in the surface on argon ion bombardment. _The surface
'Hbecomes amorphous.' Plasmon exc1tatlons are closely relatedl

»to shake—up and shake off processes. When‘a'core—hole'is

“1formed -on an atom in graphite, the electron den51ty cloud con- 

-tracts to stablliserthe inc1p1ent corevhole,,this- contraction

sets_up a collectiveJosCillationlof:the electron'cloud, exéiting
'“ét%9¥sailsd'?1a§m9hs' $9iqsﬁé¥a§e égsh'a‘plasmon:iths matériai

must possess a delocalised sgpggtur@; whish;'in'turn. implies

{
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Figure 5.5 Increase in the absolute integrdted intensity of
the Cls

core level upon argon ion bombardment
(5 keV, 100 nA cm 2) |
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a degree of order in the structure in'the region of the atom
on which the core-hole is generated by the photoionisation
event. The amorphatisation of the graphite surface on argon

ion bombardment results in the destruction of the plasmon

satellite to the direct C photoionisation peak as shown in

1s
Figure 5.6.

Exposure of a sample of HDPE treated for 1 hr. at

2 to bromine vapour for 5 minutes

a current density of 100 nA cm
resulted in a substantial bromine uptake by the sample of ~8 atom
%, i.e. the stoichiometry of the surface layer was upon treat-

ment ~CBr A much higher degree of incorporation than

0.08°
wes noted for the argon ioﬁ bombarded samples of fluoropolymers
examined in Chapter Four. The bromine uptake by the sample-also
results in the broadening of the Cls level, due to the additien
of C-Br functionalities, however the effect is small, the chem-
ical shift introduced by the bromiﬁation of the system being
essentially indistinguishable from that of the carbon in the
cross—linked matrix. | The charging of the sample is also modi—

fied, increased by the addition of an €lement having a high

photoionisation cross-section.

The exposure of the treated sample to the atmosphere
also results in ﬁhe uptake of oxygen by the sample surface. |
After several days in the atmosphere a distinct feature due to
carbonyl features, BE ~ 288eV develops. A low degree of oxid-
bation or bromine uptake might be attributable to the reaction
of radical sites introduced by the original»bombardment'with
oxyden or bromine. However the diffﬁsion of oxygen into the 
surface of polyethylene, albeit a highly crosslinked material,

is expected to be rapid as would be the reaction of the radicals
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Figure 5.6 Loss of plasmon satellites to the'ClS direct

photoionisétion peak of graphite on argon ion

‘bombardment and argon implantation

Plasmon
", satfellites

300 280
BE. (eV)

70
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with the .oxygen. Therefore.it is tentatively suggested

that the oxygen uptake is due to the reaction of oxygen with

the unsaturated carbon matrix. Were the final altered layer

to consist of a disordered graphitic type phase, then in such

a phase, to extend the analogy, prismatic edges may be present;
Such features are known from the work of Barber et a1265 to

have sticking coefficients for oxygen much greater than observed
for the basal plane. They also noted seven orders of magnitude
increase in the sticking coefficient for oxygen on the basal
plane after argon ion bombardméht. Alternatively were poly;
ene segmentsvto have been introduced into the structure by
"argon ion bombardment, the oxidation of polyenes on standing

in air is well known.244

The modification of polyethylene in this fashion
is not restricted to mebardment by inert gas ion beans.
In an attempt to extend the work of Rabalais and Hu,146 ion
beams derived from CF4 were used to bombard HDPE. Whilst
even on prolonged exposure no fluorine incorpbfation could be
observed in the ESCA spectra,:a marked asymmetry to the ClS
peak of the type described as reSulﬁing from the argbn ion
,bombardment of polyethylene was noted. Usiﬁg higher doses

of low energy, ~2 keV, electrons Brennan266 ﬁas obtained

similar modifications of polyethylene surfaces.

Using electrbn energy loss spectroscopy, EELS,
both to induce démage in polymers and to investigate the nature
of the electfon beam induced artefacts, Ritskgnztudied poly-
styrené poiymethylmethacrylate and polyethylene; In polyméthyl—

-methacrylate electron radiation induced peaks at 4.2 and’5.l‘eV

and at 4.7 eV in polystyrene were observed (these are also pro-
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duced by UV photolysis of the polymeré), these were aséigned
to unsaturated bond formation in the polymer backbone. In
polyethylene electron beam irradiation leads to C-H bond
cleavage. Ritsk%7%bserved strong absorptions in the EELS
spectra at 6.5 eV (due to isolated unsaturated bonds) and

absorptions at 5.3, 4.3, 4.0 and 3.6 eV associated with thé

formation of higher polyenyl groups.

5.3.2 Polyacetylene

Films of amorphous polyacetylene generatéd under

high vacuum conditions using the method of Edwards and Feast257

were also bombarded. The ClS spectra of untreated polymer

and samples of polyacetylene treated for 30 and 60 minutes
at an ion current density of 100 nA cm_2 of 5 keV argon ions

are shown in Figure 5.7. " The C spectrum of the untreated

1s

polymer shows a small feature ét 293.5 ev dQe to the presence
of‘CF3 groups in the polymer surface due to the incomplete
conversion of the precursor polymer I to polyacetylene.

(Though various heating rates were employed total conversion

was never achieved under the conditions in which it was attempted
in these experiments. The assignment of this feature to CF3

groups is confirmed by monitoring the F level, stoichiometries

1s

of the film deduced from consideration of the Cls envelope alone

coinciding with those deduced from a consideration of the

ClS:Fls intensity ratios in the ESCA spectra. The CF3_compon—

ent representing between 1-3% of the total area under the Cls

envelope, this corresponds to conjugation lengths for the

polyene between 13 and 50 :%d/==\!%= units. Though as this

estimation involves the subtraction of a small quantity from



195

Figure 5.7 Effects of argon ion bombardment upon a

sample of polyacetylene

~—30min

30 20 280
| BE (eV) 7839
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a much greater one, any errors in estimating the small con-
tribution of the CF3 component, will lead to large errors in

the estimation of conjugation length).

Upon argon ion bombardment the features due to
CF3 groups are 1ost from the éls spectra. The Cls prpfile,
which takes on an appearance similar to that .of ion bombarded
graphite, is presented in‘ Figure 5.7. The appearance of the
film changes from having a shiny black metallic lustre, taking

on a slightly bronze colour.

Upon standing in air the films oxidise, ClS spectra
for the oxidised films are shown in Figure 5.8. The exposure

leads mainly to the introduction of isolated etheric- linkages

* .
(& - 0 - ¢, BE'C,_ 286.6 eV, BE*0O,_, 534.4 eV). The carbon:

1s ls
oxygen stoichiometries of the treated and untreated films

after 8'day standing in the atmbsphere were found to be CO 371

for the untreated film and films treated with

.26
doses of 5 keV argon ions of 1.1 x lO15 and 2.2 x 1015 ions cm

CO.35 and CO
respectively (100 nA cm for 30 min. and 60 min. exposures) .
The treatment would appear to have little effect in arresting
the‘oxidation'of thé sample surface. However the increases
in the integrated intensities of the ClS core levels of the
treated surfaces reveal the extensive crosslinking of the sur-
face on bombardment. However whereas the untreated film had
completely bleachéd during its 8 day exposure to air, the
tréated films still retained the dark metallic lustre of poly-
aceﬁylene. Where the treated films have bleached ‘due to
oxidation it is at the edges of the films. The effect of

argon ion bombardment on polyacetylene films appears to be

the formation of a highly‘crdsslinked barrier layer to oxidation.
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Figure 5.8 Cls core level spectra of
(a) an untreated sample and
(b) and (c) éémples of polyacetylene bombarded
with 5 keV argon ions (100 nA cm-z) for 30 min.

and 60 min. respectively after
ﬁ 8 days in the atmosphere.

30 20
BE (eV) uncorr:
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The treatment has already been shown to activate the surface
of polyethylene to oxidation, thus it is understandable that -
the surface of the treated polyacetylene films still oxidises,

indeed there is a close Similarity in the C peak profiles

1s
of the oxidised films of treated and untreated material, in

each case the dominant feature is the peak due to C-0-C envir-
onments. In stark contrast to the range of oxidative funct-

ionality introduced into polyethylene surfaces by weathering

205

as reported by Shuttlewérth, the oxidation of polyadetylené

is for more specific a reaction.

175

-

Weber has used ESCA to investigate the ion

: implantation of 40 keV F+ ions into polyacetylene, using the

FlS spectra to confirm the position and chemical state of the

implanted fluorine, however only the F speétra.were pre-

1s

sented, no C spectra were reproduced. The quality of the

1s

spectra would not allow subtle changes in the C spectra to .

1s
be investigated.

5.3.3 Polystyrene and Polyisoprene

The C core-level spectra of untreated polystyrene

1s
and polyisoprene both display distinct w«n* shake-up satellite
- structures to the direct photoionisation peak as illustrated

in Figure 5.9.

The Cls spectrum of polystyrene consists of a
single, approximately symmetriq,.direct photoionisation peak
~at 285 eV sitting upon a rising background (in contrast to the
ClS envelope for polyethylene), and a series of broader shake-

up transitions, whose centroid lies at ~291.9 eV. The shake-up
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g core level spectra of

Changes in the Cl
cis-polyisoprene and

Figure 5.9
polystyrene, on argon ion bombardment.
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transitions are counted as part of and constitute n5.2 % of

the total integrated intensity of the C envelope.

1s

Similarly the C spectrum of polyisoprene con-

1s
sists of a single symmetric direct photoionisation peak at
285 eV and a shake-up satellite at ~291.5 eV which constituteé

v2.7% of the intensity of the C,_ envelope.

1s
Films of polyisoprene and polystyrene were bom-
barded with 5 keV argon ions at an ion current density of

2 11 jons crrf-2 sec—l) for cumulative ex-

100 nA cm “ (:6.25 x 10
posure times between O and 490 seconds. Only a small amount

of oxygen was detected ih the surface of the films (<<1%) and
this was reduced upon treatment. The C1s spectra of the two
polymers as a function of treatment time are presented in

Figure 5.9. In each case the reaction is éccompanied by the
rapid loss of intensity and eventual loss of the distinct
shake-up satellites, with the concomitant emergence of asymmetry

in the C level (as evidenced by an apparent increase in the

1s
FWHM of the direct photoionisation peak and increase in the
background level of the high binding energy side of the direct

photoionisation peak relative to that on the low binding energy

side.

In polystyrene the shake-up structure broadens
slightly with increasing bombardment, the position relative to
the present peak of the centroid of the residual shake-up remains
constant throughout. In each case the direct photoionisation
peak shows an apparent broadening, as aléo observed for poly-
ethylene upon bombardment, due to the growing asymmetry of the

peak rather than lifetime effects or a range of chemical shifts.
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Increasing ion dosage also results in a gradual décrease

in the apparent charging of the surface during XPS analysis
reflecting the modification of the éurfacé layer. Sample
charging has already been shown in this work (Chapter Three)

130

and the work of Clark and Dilks to be a very surface sens-

itive phenomenon. A major factor in deciding the charging
of a polymer under X-ray analysis being the sum of the total
photoionisation cross-sections of the elements that constitute
the polymér. Depletion of the polymer matrix in hydrogen upon
bombardment is then expected to have little effect, the‘tdtal
photoionisation cross-section for hydrogen being véry low.

The change in "charging" reflecting a decrease in.the binding

energy of the C o level and changes in charging due to the

1
changes in electronic structure in the surface layers brought

about by bombardment.

The loss of shake-up intensity, indicative of the
discrete phenyl and olefinic residues in the parent polymers =
polystyrene and polyisoprene are plotted in Figure 5.10. If
the loss of shake-up intehsity.is a'random'process, depending
- upoh a given‘residué interacting with an ion then the decay of
shake-up iﬁtensity will follow an exponential, first-order rate
law type decay. Plots of tﬁe naturél logarithm of the shake-
up intensity versus irradiation time (or ion dose) are given in
Figure 5.11, for polystyrene and polyisoprene respectively.

The increased stability of the phenyl residues of the polystyrene
as compared with that of the olefinic residues of polyisoprene
is shown by the slower decay of the signal due to shake-up in
polystyrene, thbugh the decay of both signals is rapid.‘ (Rate.

' -2 -1

constant‘:skljobS leystyrene M1T?§x 10 se?
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L =14 ,__.=T v 7 % - I |
(=2.24 x 1014 jea~ ¥ @i, 7.4 x 107 tén

tw

v F % 1672 ses



5
el ,
et \ . polyisoprene
o3 1\ a paystyrene
of G “\

0 100 200 300 L0 500
| | f(sec) ~ |

© Figure 5.10 Loss of shake-up intensity on argon ion bombardment

In
/s
' th*O

_2 ¥ v
Figure 5.11 1n (shake-up intensity)Evarsus,treatment time
‘ for cis-polyisoprene and pblystyreiie




203

cm2 cross—-section for the reaction respeétively)). The
distinct curvature of the plot for polyisoprehe reveals the
presence of a rapid and a much élower rate process, though

the course of the reaction at extended irradiation times is
‘difficult to plot as the shake-up, not a'strong feature to
§tart with, sinks into the baékground noise. The above anal-.
ysis depends upon the assumption that the shake-up intensity
is indéed due solely to the phenyl and olefinic residues pre-
sent in the original polymers. _This is borne out by'the
apparent constancy in position and to é large extent the form
of the shéke*up transition peak during'the réaction. Observed
in_the low dose, high energy radiolysis of polyethylene, ole-
finic residues are also postulated as intermediates in the
argon ion degradation of polyethylene. However even on
magnification no shake—up peak was obsérved‘in-the Cls spectra
of bombarded polyethylené, though unsaturation was detected
upén bromination. The implication is thaf once formed ole-
finic residues are rapidly destroyed, the cqnjugation extended
to.a feafure producing a broad range of shake-up transitions
contributing to a tailing of the direct photoionisation peak.
The rapidity with which the shake-up intensity in polyisoprene

‘is lost upon bombardment would bear this out.

Though in a qualitative sense the loss of shake-up
intensity of each ﬁolymer may be correlated with the increase

in the absolute integrated intensity of the C envelope there

1s

appears however to be no simple relationship between the two.
The variations in the absolute integrated intensity of the Cls
level after irradiation for a time t ratioed to its value

initially versus the loss in intensity of the shake-up satellite
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are presented for the two ﬁolymers in Figure 5.12, both poly-
mers behave in a siﬁilar fashion. The rapidity of'the loss
of shake-up intensity in the case of polyisoprene is not

matched by the more gradual rate of increase in the absolute

integrated intensity of the C s signal: this quantity re-

1
flecting the number density of carbon atoms ih the surface

of the polymer. Crude calculations of the effect of pro-
ducing regions of conjugation in polyisoprene or polyethylene
chains based on carbon-carbon bond lengths of 1.542, 1.358 and
1;408 for C-C, C=C and C=:C bonds respectively and bond angles
apptopriate,to saturated and unsaturated systems, upon the
number density of carbon atoms were made. Neglecting ény
changé in interchain spacing, the effect of the degree of un-
saturation within a chain upon the numbet density was found to
be minimal. Thus the increase.in the integrated intensity of
the Cls level may be identified with a decrease in the inter-
chain spacing in the polymer as might be produced by cross-
linking. Additionally the rapid diséppearance of shaké—up

in the case of the bombardment of polyisoprene without the
concomitant rapid increase in the absolute intensity of the
Cis envelopelcould_be due to the formatiou of polyene chain
segments. :Such functionality would also bé expected to lead
to a broad range of shake-up transitioné, giving the peak its

distinctive tailing to higher binding energies. The increase

in intensity is due to a slower cross-linking process.

For poly#tyrene this disparity is not so marked,
the fate of the phenyl substitutuents on bombardment is not
clear. The valencé band spectra of treated sampies are broad
and essentially featureless, similar to those obtained upon

prolonged bombardmeérit 8f pelyethyl&ne as shown in Figure 5.2.
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Figure 5.12 Correlation of the loss in shake—up intensity
with the increase in absolute intensity of the
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Prevxous ESCA studles of - the argon ion mOdlflC-
ation of polystyrene by Ullew1g and Evans,ls--4 Holm and Sto%%ZlGBI
and Brlggs160 concluded‘that the loss of the~dlst1nct shake—'
up satellite from the pendant - phenyl group was 1ndlcat1ve of*
the destruction of the benzene rlng. The possibilities that

the broadening and increasing asymmetry of‘the C level might

1s
represent increasing conjugation, or the formation of graphite

like regions, were not considered.

5.3.4 Polymethylmethacrylate‘and Polybutylmethacrylates

Previous ESCA and SIMS investigations have-paiddll
.’sporadlc attentlon to. polyalkylmethacrylates. Gardella'ahd
Hercules”'o employed statlc 'SIMS to fingerprint a series of"
polyalkylmethacrylates and investioate the atmospheric hydrol-
"YSis'of'thése’materials. They found ohly negligible changes
hadqoccurred'in the'ESCA spectrarofkthe SIMS analysed poly-
'meric-surfaces; the analysis conditions employed corres-
pondihg to a dose of '\:lOl3 ions cm-'-2 belng accumulated by
 the surfaceshduring analysis. Brlggs however has shown that
-after such an. 1on dose, 51gn1f1cant changes occur in the absol—
ute and relative intensities of peaks in the SIMS spectra of
ipolyalkylmethaCrylates, ' The nature of the damage causing

this fall off ih signal intensity is not known. ESCA studies
of the argoh ion sputterihg of polymers by Williams and Davis.l74
‘centred upon the surface chemistry of‘the final surface rather.
:;than the course of reaction.- The final sputtered surface'was
"found to be essentlally carbonaceous in nature, the oxygen
having been preferentlally sputtered from the sample surface. .

- The authors attempted to relate the composition to the depth

in the sample via sputter rates determined for inorganic

Y
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2 and Ta205'

found the sputter rate of polymethylmethacrylate, bombarded

Uliewig and EvanslG-4

materials such as Si, SiO
at the relativély high ion current density of 2-8uA cm_2,
to fall off éxponentially with time. Ion bombardment induced
changes in the surface regions‘making’the éurfaée increasingly
more difficult to sputter away until a steady state was reached,
the O0/C ratio determined by XPS having dropped from 0.43 to
0.03 during the treatment. The SIMS spectrum of PMMA dis-
plays a number of features containing fragments'derived from
the polymer backbone and characteristic peéks due to cleavage
of the ester alkyl residue, CH3+ and.the ester side chain
itself +O=C—OCH3.
The aim of this present ESCA study has been to
foilow the changes in the sample surface brought about by
argon ion bombérdment. Solvent cast films of polymethyl-
methacrylate and a series of polybutylmethacrylates were ex-
2

posed to 5 keV argon ions at ion fluxes of 100 nA cm ° for

cumulative periods up to 800 seconds.

In each case the bombardment leads to the rapid
loss of oxygen from the surface regions of the polymers. The

~loss is uniform throughout the sampling'depth of Cig electrons

excited by Mg, radiation (i.e. +368). The stoichiometries
112 .
" of the surface layer determined from,OlS/Cls ratios and by

component analysis of the C envelope being identical within

1s
the limits of experimental error. At prolonged irradiation
times, hydrocarbon contamination from repetitive ESCA analysis
results in a slight discrepancy between the two stoichiometries.

The O 5 spectrum, in each case originally a symmetric doublet

1
with components at 532.6 eV due to C=0 and 534.3 eV due to C-0Q,

decreases in intensity upon bombardment but retains its
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symmetric doublet lineshape, the ester side-chain being lost

upon bombardment as a single unit.

The Cls and O levels obtained at a take-off

1s

‘angle of 30° for a bombarded sample of PMMA are shown in

Figgre 5.13. Figure 5.14 displays a plot of thé natural
flégaritbm of the fraction of‘the polymer surface unreacted
after a time t versus time (in seconds). There is little
difference in the rates of reaction of these isomeric poly-
butylmethacrylates. Only after extended bombardment is any-
divergence noted. This emphasises the non specific nature
of the reaction. PolymethylmethaCrylate however seems to

degrade at a slower rate than the poly'— butylmethacrylates.

Concomitant with the loss of oxygen containing
functionality from the polymer surfacé there is an increase

" in the absolute'integrated intensity of the C s level, indic--

1
éting an increasing number density of catbon atoms in the
polymer surface; However attempts to obtain a simple linear
‘corrélation between.the exfent tb which‘the polymer chain
had been defﬁnctionalised and the increase in the absolute

is ievel were not successful.

More successful was the following, slightly more complex

integrated intensity of the C

approach based upon the following assumptions. The ESCA
analysis indicates that the ester group is lost as a single
uﬁit on irradiation. No evidence regarding chain scission
on irradiation is directly obtainable from ESCA. If the
carbon atoms present.in the alkyl residue of the ester also
lést from the system on bémbérdmept (e.g. as CH4 or a'butane)
then the number density of carbon atoms in the surface will

fall. (Though this was not detected in these experiments the
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Figure 5.14 Plot of 1ln Y versus irradiation time (5. keV Ar+, 100 nA cm ‘) for

polymethylmethacrylate and polybutylmethacrylates.
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evolution of gas by PMMA on high enérgy irradiation has

250,267

been studied by a number of workers, notable features

of this work being the detection of H2, CH4, co, CO2 and C3

however agreement between the various authors as to the relative

H,

amounts of each produced was poor, perhaps reflecting the var-
iety of dose rates used, and differing types of radiation and
experimental conditions employed, no material balance was
established in these experiments. Most of the gaseous frag-
ments may be attributed to the fracture of the ester side groups
from the polymer). Thus the increase in the absolute integrated

intensity of the C level in the ESCA spectra does not direct-

1s
ly reflect the effects of crosslinking alone, indeed the effect
is greater than that observed as the loss of carbon atoms from
the side-chains would serve to reduce the total integrated in-

tensity of the peak were there not to be any reduction in inter-

chain spacing or contraction within the chains themselves.

Consider the following reaction:

?H3 . »?H3 . ?HB
C = C =20
| | + co, co,
0 0
é H, +1 é H 4+ Cnflanea
.’n 2n ©oYni 2n+l '

' etc.

The reaction scheme is spéculative, representing the situation
if crosslinking were igﬁored. The main point being to illust-
"rate the effect upon the number density of carbon atoms after

the chain has been degraded but excluding the effects of cross-

linking.
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Let the degree of reaction be y

_k_

jo = Jj+k (5.2)
Let jo = 1. j = 1-k.

On reaction the fractional reduction in the number of carbon

atoms in the chain is R, where R is given by

(44n)3 + 3% _ 4+n - (1 + n)k
R 4 + n B 4 + n (5.3)
Thus to compensate for this the fractional increase in the

measured integrated intensity of the C level, I/Io nmust be

1ls
divided by this factor R.  This corrected factor may then be
plotted against the extent of reaction y to yield a reasonably
linear correlation between the two (Figure 5.15). The grad-
ieht of such a plot reflecting the probability that the elim-
ination of a side chain results in the formation of a cross-
link and the volume change on elimination of a side-chain and
formation: of a cross-link. The correlation however is per-
haps fortuitous, the proportionality.to the degree of reaction,
Z.e. the number of side chains removed by bombardment being due
~to tﬁo,factors cancelling out, the proximity of two activated
sites being required for a cross-link to be formed introducing
a Squgred term, the effect of crosslinking being to reduce
interchain spacing, Z.e. contraction in 2 dimensions in an
ordered crystalline phase, a cancelling half power. Figure
5.15 also shows that the poly butyl methacrylates, poly-n-
butyl, sec—butyl and t-butyl methacrylates all display very

| similar plots. The difference in the bulk df the various

side chains having apparently little effect upon the volume
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change on crosslinking. The corresponding plot for PMMA‘
shows a slightly smalier gradient, either reflecting the
smaller volume change on the elimination of a side chain
and the formation of a cross-link or a reduced tendency to

" cross-link upon elimination of a side-chain.

After prolonged bombardment the C 5 envelope

1
comes to represent mainly carbonaceous material, the peak
having developed a distinct asymmetry as noted for the poly-

mers previously considered (Figure 5.16).

5.3.5 General Features of the Argon Ion
Bombardment of Polymers

From consideration of the aforegoing, several
common féatures of the effects of argon ion bombardment of
polymers became apparent. Bombardment leads to extensive
réarrangement of the surface reéions of the polymers. Unif-
ormly there is an increase in the absolute integrated intensity

of the C level, reflecting an increase in the number density

1s
of’carbon atoms in the surface regions of the material. The
layers formed by the bombardment of polymer fiims were found
.by Kaplan et dZ252 to be graphitic in nature. Indeed the
valence regions'of the XPS spectra‘of treated samples have been
found to closely resemble that of graphité. However if the
surface layér formed is graphitic in nature it must be highly

~ disordered. Although the absolute integrated intensity of

the C level of the polymers increases upon bombardment, its

1s
value never approaches that for a sample of cleaved graphite
or a graphite surface disordered by argon ion bombardment.

This disorder is also borne out by the inability of bombarded

polyethylene surfaces to incorporate as much argon as a
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Figure 5.16 Developing asymmetry to Cls level of PMMA

on argon ion bombardment -

(a) vuntreated,
. 14 + =2
(b) after an ion dose of 5 x 107" Ar cm.

| '2'95\ 20 285
AR -
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similarly bombarded graphite surface. Dynamic SIMS‘éxperi—
ments on polyethylene and polystyrene films using comparable
ion fluxes to those employed in the 7Zn s7tu ESCA studies, <.e.
ca. 100 nA cm-z, in addition to changes in the relative in-
tensities of the various componénts of the spectra, the over-
all intensity of the spectra also gradually decreases. This
latter effect could nbt be attributed to instabilities in the
instrumentation or inadequacies in charge neutralisation as

the electrical properties of the surfaces changed with bom-
bardment. On argon ion bombardment, it is thus seen to become
progressively more difficult to sputter fragments from the poly-
mer surface as the reaction proceeds. As the material cross-
links two effects two effects will serve to reduce the sputter
vield. As the surface region becomes more cross-linked,
energy transferred to the polymer by collision with an incident
ion may be more rapidly dissipated by the lattice rather than
leading to the eiimination of a fragmeht. Secondly as the
crosslinking reaction proceeds, 7i.e. there are links formed
between the chains, the average connectivity of carbon atoms

in the surface. The polymer is no longer a single-chain poly—
mer; to remove a fragment from the polymer surface, to cause
.scissipn of é fragment, more carbon-carbon bonds must be broken.
-This argument is analogous to that advanced fcr the enhanceﬁenf
of the thermal stability of polymers by the use of ladder or |
double-strand structures as proposed by Tessler and Brown.268

The idea is illustrated graphically below.

Art /

= 2 Bonds Broken to Remové
Fragment.

(1) SingTe chain
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. S B Recombination
s e o :
qiy TIITT 2, I 7117 —»
Ladder More Difficult to
Remove Fragment
(iii) Crosslinked Network
I T TT 1T D + Must now break more
Ar .
- : _— bonds to remove a
11 11 _ fragment of lattice.

5.4 ‘Conclusions

The argon ion bombardment of polymer surfaces also results
in the introduction of unsaturation into the surface (as evid-
enced by the uptake of bromine by a treated polyethylene sample).

On bombardment, subtle changes are also observed in the C core-

ls
level spectra of the polymers. Whereas the C level of un-

1ls

treated polyethylene may be represented és a single symmetric
Gaussian peak, on treatment.the peek broadens and deﬁelops a
dlStlnCt asymmetrlc tailing to the higher binding energy side.
‘The observation of such llneshapes in XPS is normally re-
stricted to‘metels.

The griéins of these aeymmetric lineshapes can_be.viewed
frem essentially:two standpoinﬁs. The observation of asym-
‘metric lineshepes for metals was made in the earliest stages
of deVelopment of the ESCA technique, empirically the aSymmetry
_ was found to be related to the density of occupied electronic
s£ates at the Fermi level of the metal. (This is closely

related to the form of the valence band in the XPS spectrum in

'_ the region of zero binding energy, the intensity in the XPS
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spectrum being approximately proportional to the density of
states).8 The form of the density of states curve in the
region of the Fermi level thus provides a continuous .range
of allowed one-electron excitation energies which may accom-

33

pany the direct photoionisation event. Thus an asymmetrié

tailing of the main peak is produced.

Approaching the problem from another direction, shake—up‘
satellites to the ClS level are a familiar feature of the XPS
spectra of.unsaturated organic compounds. As the conjugation
lengthvin a compound increases, the nUmber of allowed shake-
up transitions also increases, the shake-up intensity is smeared
6ut_0ver a bfoad range of such transitions. - This is illustrated

by Figure 5.17 which shows the C core-level for a series of -

1ls
'pdlycyclic aromatic com?ouhds, as the size of the system rises
7then the shake-up transitions bedbme broader and less distinct,
coﬁcomitant with this the asymmetry of the direcf photoionis—‘
afion Peak4is seen to increase: The detailed lineshapes

associated with such‘procésses in XPS core—le?el emission have

been discussed by Doniach and Sunjic269

and are predicted to
haVe the form
cos(na/2 + (1-a)tan *(E/y))

(E2+Y2)(l—a)/2

'.I(E)' =

where E is the kinetic energy measured from the threshold of
the uhbroadened'one—electrOn—transition peak
Yy = 1lifetime of the core-hole

@ = an asymmetry parameter.

Though the extraction of any usefui information'cohcerninq
the lineshape from experimental data is hampered by the severe

broadening effects of the instrumental resolution function.
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. Figure 5.17 ¢ core level spectra'bf a series of polycyclic

1s
aromatic cqmpounds'and their associqted shake—up

structures.
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Various workers however have used deconvolution procedures
to remove this component and derive values for y and o for

the case of metals.

More usefully, the asymmetry of the peak may be deduced
from thé.step in the 'background' level in gbing from the low
to high binding energy side of the peak. Semiquantitatively
this step height ratioed to the peak héight may be plotted
against the carbon to hydrogen ratio for a series of polycyclic
aromatic compounds, there is a large degree of cor:elétion
between the two, this is illustrated in Figure 5.18. - More
generally this feature may be used to infer the presence of
l unsatufation and cohjugation in a syétem. From consideration
Qf the examples given however another feature emerges, even
in polycyclicnaromatic systems the size of ovalene distinct
Shake*up satellites are still obsefvéble. The argon ion bom-
bardment of polymers however appears to lead to a featureless

tailing of the C level into the inelastic loss peak as ob-

1s
. served for the argon ion bombarded graphite and polyacetylene.
surfaces. Thus perhaps it is to these that the ion bombarded

sample's surfaces owe a resemblance.

In the course of a series of ESCA studies of the modifi-
cation of polyacrylonitrile and poly(chloroacrylonitrile) by
high temperatures, electron'impact and UV radiation, Hiraoka

270 ' . . . P
observed asymmetries in core level signals similar

and Lee
to those observed in this study. On the basis of the knOWn.
'i thermal degradation pathway of polyacrylonitrile and the ESCA
data and IR data, Hiraoka and Lee concluded that a doubly

conjugated ladder-type structure was formed which could ultim-

ately cross-link further to yield a graphitic structure.
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Figure 5.18 Correlation of»Ah/h with carbOn:hydrogen.ratio
for a series of polycyclic aromatic compounds
and unsaturated polymeric system
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That this featureless tailing may also be obsérved for X-ray
degraded samples of polyvinylchloride was reharked upon in

Chapter Four, in this case the degradative pathway is widely
balanced to involve the dehydrochlorination to yield polyene

chain segments.

Comparison with the published spectra of solid acenes
(which may be taken as a model for the double conjugated ladder

type structure proposed by Hiraoka and Lee). On goihg from

benzene to tetracene, Pireaux et a1271 found the valence region

of the XPS spectra to become progressively broader and the

‘distances of shake-up satellites from the Cls peak to decrease.

Pireauxvet a127l also commented briefly on the step in the

background level about the C 5 direct photoionisation peak

1

which is found to increase as the size of the molecule increases.
The shake-up also becomes less distinct with increasing mole-

cular size. Pireaux et gl plotted the first ionisation energy

1s

shake-up satellites position with the sixe of

and the enrgies (relative to that of the C peak) of the two

strongest Cls
the acéne molecule. Extrépolating from their data it would
éppear that to lead to the appérently featureless asymmetrié'
tailing observed for the argon jion damaged polymers fhe struct-
~ures involved would have to éxceed at least 6 annelated rings'

in size if the structures are based up a polyacene type struct-

ure as illustrated below.

Polyacene
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Thus the degradation of polyethylene under argon ion
bombardment may be summarised as below (Figure 5.19); the
scheme is meant to be representative and not exhaustive.

_ _ _ _ _ . . - +
mwmeHz CH2 CH2 CH2 v pia {CHZ_CHZCH2 Cﬂz+
+

Ar
Ar Ar+
e mmCH2+CH2CH2}*CH2-mmm

dA

Vibrationally excited

VVVVCH ) =CH=CH,) =CH,y = chain segment
Radical , Ty
_Recombination‘ NNN%CHZ_C=C—CH2;WNNN
To Crosslinkec H H
‘ Material A Ar+,e,Ar.£'—H2
e-g.%N%@CHZ—CH-CHé-CHé—NN&N Ar+,e,Ar L —H2

mwm&CHz—CH-CH

_CHZ

-y

2 ,
m&mmmmCHZ—(CH:CH)n—CHzfmwmmwm

Polyene Segment

VL VI VUV

ALV

Graphitic Type Material

Figure 5.19

The reaction involves thé formation of unsaturation (which
is §uffig;ently highly chjugated so as not to give rise to a

distinct shake-up peak, or involves many &¥p&5 of such site,
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the net result of which is upon their superposition, a feature-

less tailing of the ClS

linking of the material leadihg to the increasing absolute

level) and the simultaneous cross-

intensity of the Cls level.

The argon ion degradation of the other polymers exemiﬁed
in this study may be regarded as a subset or extension of this
set of reactions. The ESCA results point to the formation of
a common final structure. The common features were szt out
previously. The high_apparent cross—sections of the polymers
to argon ion damage mayAbe explained in terms of the reaction
being propagated by secondary electrons formed by the initial
ion impact. This flux has been fouﬁd to be éuite consider—
able. Using the electrostatic hemispherical analyser of the
ES300 spectrometer in the FRR mode to record the energy dist-
ributions of electrons emitted by polymer eamples on argon ion
bombardment a broad range of electron energies from very low
kinetic energies to a few hundred eV. Figure 5.20 shows thatthe
distribution peaks at_%40eV;' .The analysis mode used, FRR |
(see Chapter One) is not recommended for reCOrding'low energy
electron distributions, having excessive resolution and.hence
only recording low count rates in this region, this does how-
eYer eerve to protect the electrOn'multipiier. All the poly-
mers considered would undergo electrbnic excitation orAionis-
ation by this’flux. The absorption of electrons.by polymers
has been studied in detail by Ashley and coworkers.272 The
non-appearance of discrete eheke—up features‘due to isolated
double bonds, once formed, since the secondary electrons -inter-
act with electron density, the cross-section of such a feature

is enhanced, thus the reaction would proceed from this point,
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the original isolated double bond is rapidly lost to beCome
part of a growing.conjugated sYstem. Japanese workers have
examined the cotrelation between the ionisation energies of
polymers and their behaviour as electron beam resits. How-
ever the electron energies‘employed inmthe exposure of e-beam
resists are typicaily of the ordet of tens of‘keV, however

'tﬁe crosé-seotions for absorption by polymets will be greatest
at low ehergies, ca. 10-30 eV, hence the degradation of the
resist material is more likely to be associated with the second-
ary electrons generated by tﬁe slowing primary incident elect-.

ron beam.

Thus the argon ion.modification'of polymer surfaoes has
been found to be a relatively rapid method for the controlled
defunctionalisation and oross-linking_of polvmer surfaces.
The surfaces so formed are also'eXtensivelylunsatured and
susceptible to atmospheric oXidation, which may detract from
the usefulness of such treatménts to modify the‘Surfacelpro—
perties (in particulai the charging properties) of polymer |
surfaces. - On extended bombardment (i;e.bion doses >v1 x lO15
ions cm_z) the polymers tend to what appeate from the ESCA data.

to be a common structure.
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Figure '5.20 Secondary electron emission from a sample of
HDPE bombarded with 5 keV argon ions
(100 nA cm_z)
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CHAPTER SIX

ION BEAM INDUCED POLYMERISATION

"IN THE CONDENSED STATE
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6.1 Introduction

In electron and ion beam systems, a surface bombarded
by the beam is often contaminated by the growth of a thinA
layer of organic material. This layer is formed by the poly-
merisation of'adeorbed organic contaminants by electron or ion
bombardment. Whilst the electron and ion beam deposition of
.polymers is a much slower process than deposition by plasma
polymerisation, they offer a method by_means of which depos-
ition may be limited to those parts ef a substrate exposed to
the beam. These contamination layers formed by_eleetren

273,279

bombardment have been studied by many workers, however

- only a few workers have examined ion beam induced polymer-
_iSation.zBQ—?83 Research in the field has essentially been
directed towards the prevention ef the'formation of these
layers, thoﬁgh more recent studies have probed the electrical
properties of the films formed. Reflectiné the context in
wbich the formation of these films were first observed, elect—
ron microscopy, and the nature of the contaminetion present

in such instrumentation, many studies have focussed bpon the
electron beam polymerieation of silicone and hydrocarbon based
diffgeion pump oils and greases. " These studies have cehtred
'QQQQ retes of deposition of the-films and their electrical
properties; little attention has been paid to the chemical
structure ef these films,. The films are highly cresslinkedA
and intractable, and ae sueh not'amenable to many of the

- solution baSed methOds.of polyﬁer characterisation. = The
field of film deposition by beem induced polymerisation has
not produced many publieations, the area was laet reviewed by

284-285 -

Gregor™ in 1966. More recently interest in the field
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has waned with the.emergehce of plasma methods of thin film

deposition.

The mechanism of film depdsition by electron bombardment
of a silicone based diffusion pump ©oil has been studied in

278 who developed a phenomenological theory

detail by Christy,
to describevthe process. It was assumed that an electron
interacts with an adsorbed o0il molecule to create an active
site which then allows tﬁe mqlecule to crosslink with an ad-
jacent éil molecule, The rate of film growth being related
to the partial pressﬁre of monomer and the beam current used.
The rate approaching a limiting value as the residence_time
of a molecule on the surface ions increasedfb§ reducing the
temperature of the substrate. Relatively.high beam currents
(cm—z) were employed. Mann286'obsérved the dependenée of
-thé-rate of film growth upon the secondary_electron emission‘.
from the polymer surface during bombardment. From his invest-
igations he concluded that-the low énergy secondary electroﬁs
possess high cross-sections for activating £he adsorbed mole-
cules to polymerisatioﬁ. - Indeed Mayer279 haé shown that films
méy be fqrmed by exposing con&mdmﬁedsurfaces to electron bom-
bérdggpt»wi#h electron energies as low as 6eV.

1.In forming polymer films, ion beam'bémbardment hés been

found by Shimazu and Kawaksta> 2287

to require a much smaller
dose than electron bombardment. In ion beam bombardment
sputtering acts simultaneously with contamination layer form-

ation, at higher ion energies sputtering.proqesses dominafe
| 17,288

so no film is formed. Jonkman andbﬁchl have observed
cluster formation in the SIMS spectra of methane frozen on a
copper substrate at 15K, when operating under so-called static

SIMS conditiShs of ion beam cuftBRE dénsities 8f 1210 na/cm?
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for beam‘energies‘between 500 and 5000eV.  (An electron flood-
gun was however used for charge neutralisation, the energy

of the electrons being kept below 7eV). Thus polymerisation
may be possible at very 1ow ion beam current den51t1es. A
series of experiments have been undertaken to probe this.
Hexafluorobenzene was chosen as a material that does not con-
ventionally polymerise, though the plasma polymerisation of
this material has been studied in detail in these laboratories
by Clark and Shuttleworth289 and by AbRahman.237 A perfluoro
system was chosen as such systems display a wide range of
chemical shifts and a variety of core-levels for study and
vhence are particularly amenable to ESCA investigation. Com-
parisons are drawn with material produced by the plasma poly~- -

merisation of hexafluorobenzene and produced by exciting an

argon plasma over a film of the condensed starting material.

Previously reported studies of radiatioh induced polymer-
isation in the condensed state and in liquid ahdssolution have
teﬁded to concentrate on vinyl monomers, where a radical chain
‘polymerisation reaction is envisaged,tan account of this typel
' of work up to»l962 was given liy_Chapiro.267

~

6.2 Experimental

The starting material was condensed onto a cooled gold
substrate fixed to the tip of the sample probe. ~ Prior to
deposition the:substrate was cleaned with an abrasive paste,v
rihsed'in acetone and finally exposea to a discharge excited
in‘hydrogen; The deposition, irradiation and ESCA analysis

‘were all conducte& in the sample analysis chamber of the ES300
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spectrométer. The substrate was in general’cooled}to —lZOQC
and allowed to equilibrate for 30 minutes prior to deposition.
The starting material (ca. 3ul) was then introduced by in- |
jection into an evacuated reserﬁoir shaft. The vapour diffus-
ing through the metrosil leak and condensing on the substrate
in high wvacuum. During deposition the pressure in the source
chamber rose, typically to 5 x lO-6 torr. After ~5 minutes,
when the material had destited to such a thickness that inter-
ference colours could be observed at glancing angles in the film
_forming on the substrate, depoéition was halted, the reservoir
shaft withdrawn. The pressuré in the SAC would then vall to
v2 x 10_8 tofr. The samplevwas then moved into the ion beam
whiéh had been previously aligned and preset to the desired
beam’cufrent and energy. The ion source has been described

" previously in Chapter Four.  After exposure -the prqbe was

allowed to warm up,allowing excess monomer and by-products

to evaporate off.  The residue was then subjectel to ESCA analysis.

The starting material, hexafluorobenzene, was obtained

q

from Bristol Organics and was shown by glc—masS spectroscopic
analysis to be analytically pure. . The fold substrates were"
cut from Grade 2 gold sheet, 0.5mm thick obtained from Johnson

Matthey'Ltd.

The vacuum thermal decomposition behaviour of the materials
was investigated by heating the insertion probe tip: temper-
-atures being measured by a Chromel/Alumel thermocouple built

into the probé.

Scanning electron micrographs were obtained on a Cambridge
Stereoscan scanning electron microscope. No decoration tech-

nique was employed, the films being sufficiently thin so as
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not to present any problems of charging.

The plasma deposited filmvderived from hexafluorobenzene
was produced by exciting a discharge in the monomer using the
inductively coupled RF instrumentation described previously
in Chapter Three. The material'waé deposited onto a gold
substrate lying on a glass slide placed in the bottom of a
reaétor consisting of a horizontal pyrex tube 5cm ih diameter,
32cm long sandwiched between 'O' ring sealed glass flanges.

The syStem was pumped by an Edwards ED50, 50 ¢ min_l two stage
rotary pump via a grease-free, glass vacuum line. The polymér
Was prodﬁced at a nominal monomer pressure of 0.2 torr and a

discharge power of 20W for 5 min.

The so0lid state plasma initiated polymerisation of hexa—
fluorobenzene was perfdrmed in the metai flanged reactor de-
scribed in ChapteriThree. The substrate attached to a stand-
ard'spectrometer insertion probe was cooled to -130°C in a
flowiﬁg argon atmosphere. :Aithin film of hexafluorobenzene
was then deposited upon the substrate. The flow of hexa-
fluorobénzene was then stopped and the reactor purged with
argon at 0;2 torr prior to the striking of a discharge (20W
power) over the condensed film;‘the sample was exposédvfor 5
minutes. The discharge stopped, the sample was allowed to
warm-ﬁp, and the excess monomer to evaporate»off. The sample
was then trahsferred in air to the ES3OO spectrometer for

ESCA analysis.
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6.3 Results and Discussion

6.3.1 The Ion Beam Induced Polymerisation
of Hexafluorobenzene

Previous workers in the field of electron and
ion beam induced contamination layer formation in.vacuum
systems have stressed the importance of adsorbed molecules
in the process. Thus the study of these reaétiénsvin thin
cohdensed layers of material would appear to be a logical
extension. These films, often regarded as a nuisance in
vacuum systems, becéme so usually when the initial polymer-
isation reaction proceeds beyond the formation of a polymer
£film to.the>degradation of the forming filﬁ by the ion beam
to yield ultimately a conducting, graphitic material. Often
it is at this stage that the presencé of the films becomes a
nuisance‘as they pfoduce erratic charging effects and degrade
to yield conducting pathways bn the suffaces of high voltage
insulators in electron/ion optical'systemé. The degradation
of the incipient films following pathways similar to thése_
‘described in the preceding chapters. A fluorocarbon monomer/
Stafting material, hexaflﬁorobénzene was thus chosen for the

reasons cited previously.

The a?gon ion bombardment of condensed films of
hexafluorobeﬁzene under high vdcuum.(w3 X lO_8 torr) conditions
and the subsequent boiling off of the exdess reagent and volatile
by—produgts lead to the formation of thin films of involatile
'matérial. |

Films of hexafluofobenzené were produced as de-
séribed previoﬁsly. Blaﬁk expériments involving the conden-

sation of films of hexafluorobenzene and subsequently allowing



236

the films to evaporate off again in the spectrometer,lwith

and without ESCA analysisbwere undertaken. They revealed

that no residue was 1eft‘on a gold substrate by the deposition
and evaporation of the monomer from a substrate. The ESCA
spectra of the substrate prior to deposition and following the
evaporation of the deposited film reveal only a slight increase
in hydrocarbon contamination'of the cleaned gold surface.

The corresponding study which,also involved the ESCA analysis
of the condensed layer failed to detect any evidence of polymer-
isation of the hexafluorobenzene under the conditions of ESCA
analy51s, either as a tlme—dependent variation in the recorded
spectra of the reagent or as a residue left on the substrate
surface after the film had been allowed to evaporate away in
the spectrometer. Subsequent cooling of the sample in the
vacuumlsystem also revealed the absence of any memory effects,n
the monomer being efficiently removed by the system. Inter-
mittent problems howeverFWereiexperienced due to the_presence
of,water vapour in the vacuum system. _Water is a common con-—:
taminant in high vacuum systems, as it is difficult to pump

and is'stronglv absorbed hy the-stainless steel walls of the
1vacuum chamber. This could be controlled by the use of a
'titanium sublimation pump attached to the spectrometer and

the baking of-the spectrometer. However the problem of con-
tamination of the target films by water condensation sporadic;
| ally led to the abandonment of experimental runs. High back-
ground'leVels of Water were evidenced by rapidly growing bls
signals in the ESCA spectra of the substrate surface prior to
deposition. Water proved to be a complicating factor, leading
in one case to the incorporation of oxygen into the involatile

organic residue formed on ion bombardment.
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The argon ion bombardment of the ‘condensed films
resulted in little visible change in the appearance of the
films except for revealing the presence of én inhomogéneity
in the ion beam. In addition to producing a beam of ions
which.may~be electréstatically rastered over the surface of
the sample, when run at higher argon pressures ih thevsource
regiqn of the ion gun (< ca. 5 x lO-5 torr), coliisioﬁs between
acceierated argon ions and neutral argon atoms may lead to
charge exchange. The result is a colliminated beam of ener- -’
getic argon atoms. The ékperimental_geometry employed results
iﬁ this collimated beam striking the extreme corner of the
sample. This aféa was too smali fo subject to ESCA analysis,
however adjustment of the area rastered by.the ion beam to
separate it from the area struck by the neutral component of
'tﬁe beam showed that both beams led to the formation-of invol-
afile'residues. The thicker film$, pfepared by the bbmbard—
ment of a hexafiuorobenzene film for-27OO ééconds at an ion
Acurrent_dehsity of 20 ﬁA cm_zlwith 2keV argonxions,'displayed a
‘green tint-when Viewed in whife~light at glancing angles. A
filh so prdduéedris discussed beloﬁ. The bombardment’s inhomb—
geneity led to the production of a slight patterning of the
'coﬁdensed film.. The interference colour producéd'by the pdftj
iéﬁ of the sample exposed to fhe beam‘of neutrals (flux density
unknown) differing from that of the bulk of the substrates sur-
face.  Though whether this inhomogenéity is due to differential
thinning of the film by sputtefing or local thermal effects or
to slight changes in refractive,index on reaction, is unclear.
The thickneésés of the condeﬁsed £ilms wereveStimatedbfrom the
'inte;ference colours in the films to be of tﬁe order of a

ME8FEH] tHOS8 GF the résidile prodliddd ssticwHst 1888 (ehe apparent
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thickness of the film produced-appears.to depend‘upon the

ion dose, higher ion doses leading to more material being poly-
merised, at low doses incomplete coverage was obtéined (as
revealed by ESCA)). By scraping a sample with a scalpel blade
and examining the scratch under an optical micrdscope, the
presence of a thin film of material on the substraté was con-

firmea.

Scanning electron micrographs were obtained for
the films as prepared, the thicknéss of the films was suffié—
iently small that no problems of.chérging in the microscope
were encountered, hence gold decoration waé not neceésary.
Additionally the presence of a low Z material on a high 2
subStrate, gold, revealed thé presence of imperfections and
. . pinholes in the film (see Figure 6.1(a)), the.high secondary
electron flux from the exposed gold substrate showing up as
bright patches in the SEM image. 'The images shéw the sur-
face of the polymerised film to be mottled and rough, the sur-
face of the film»is corrugated at approximately the 1lu level.,
.The film looks fibrous in nature.- This film was ébtained
after the exposure of a condensed fiim of héxafluorobenzehe
to‘a_dose of“3.4 X 1014 ions cm-2 andvgraduaily allowing tﬁe
substrate temperature to rise by reducing thé cooling so that
the excess reagent was allowed to boil off, the film temperature
being raised from -120°c to -80°C over 1 hour. - More rapid
~warming, by simply removing the cooling (-1269C - —BOOC in ca.
15 minutes) was found to produce a finely reticulated film.
Figure G.lGﬁShows this effect. Therdétection of pinholes in
the film also explains the anomalous nature of some of the ESCA

data obtained for this thicker sample. Whilst the film's
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presence could be detected with thé nakéd eyé, the thicknésé
of the film being estimated to be of thé order of the wave-
length of visible light, the gold substrate was.detectable

in the ESCA spectra, (the inelastic mean free path of Aﬁ4f
electrons excited by MgKa radiation is of the order of 258,
thus were the film to be complete, to "see" the gold substrate
beneath, it would have to be less than lOOR thick. The pre-
sence of pinholes also expiained the anomalous angular depend-
lS:Au4f ratio‘in the ESCA épectra which pointed

to a patched overlayer of métefial rather than a continuous

“ence of the C

overlayer of polymeric material on the substrate. The-Au4f
spectra show no evidence of the reaction of the substrate
with any by-products of the reaction, e.g. to form gold

fluoride.

A specimen waé‘also examined in a transmission

1 electron microscdpe equipped to perform Refiection High-Energy
Electron Diffraction, RHEED. The RHEED experiment involves
allowing a beam df high energy electrons (typically 100keV in
energy) to impinge at grazing incidence ﬁpon.a sample surface,
'the'diffraction patterﬁ formed is characteristic of the surface
atomic arrangement of the material. In the case’of the ion
beam polymerised film no diffraétion.pattern waé obtained re-
vealing the amdrphous nature of the films. {({However it
should be remembered that in the use of electrooptical tech-
niques such as SEM, and RHEED to polymeric mate:ials_high
electron doses are delivered, the data should thus be treated.

.with caution).

The as prepared films were found to be insoluble

in the common organic solvents (ether, acetone, chloroform,
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carbon tetrachloride and toluene) that were tried to remove
the film from the substrates. The films were also unaffected
by immersion in the starting material,,hexafluorobenzene. The

material adhered well to‘the substrate.

Prior to the removal of the films from the vacuum
system they were subjected to ESCA analysis, the thermal stabil-
ity of the films was also probed by'heating the samples under ®

~high vacuum and using ESCA to observe the resultant changes

in the chemistry of the films.

6.3;2eiESCA Ana;ysis of Ion Beam’PolxmerisedIkmafhxmouamene

The ESCA core-level spectre of the starting material,
hexafluorobenzene are shown in Figure 6. 2 The. Cl spectrum
' con51sts of a single direct phot01onlsat10n peak at 289.5eV
-representlng carbon atoms in aromatlc CF environments and a
broad series of mem* shake-up sateliites which represent 10%
of_the totalbintensity ofvthefcié level.whoee centroid lies
at 296.2eV (6 7eV removed from ‘the direct photoionisation peak)
Tne Fl core—level at 690.3eV also dlsplays a shake- up satellite

- '7.2eV removed from the direct photoionlsation peak, though the

satelllte is less pronounced than in the C. spectra, constitut-

1s _
ing only ~6% of the intensity of the F,_ level. The F,  level
is also presented. Upon bombardment (ZO’nA-cm—z, 45 minutes

2keV Ar') the C,_ profile of the condensed film is seen to

" change markedly with the denelopment of dietinct shonlders'to
the high and low binding energy sides of the original CF com-
o CF3 and C CF features at
,291,8ev, 293.0eV and 28?.3eV.. The C:F stoichiometry of the

‘ponent Wlth the emergence of gF



Cls' Fls~and_Fzs levels of a condensed film of hexafluorobenzene, prior to and
after bombardment (2700s, 2 keV“Ar',_ZO-nA).at.—1256c and-on*warming.to_room

_temverature after bombardment

Figure 6.2
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surface regions of the treated condensed film dropped from
1:1 to 1:0.76, fluorine having been lost. (Though the Fls/

C intensity ratio predicts a somewhat lower fluorine content

1ls

than component analysis of the C envelope, perhaps due to a

1s

small degree-of contamination oh the surface of the film.

Surface contamination from extraneous hydrocarbon, etc. builds
up rapidly on the cOoled‘sample). The pressure in the source
chamber of the spectrometer prior to and after bombardment

was 5 x 10-9_torr. On warming the bombarded sample from -120°%

7 torr as the unreacted

to -lOOoC.the pressure rose to 2 x 10~
monomer and more volatile products boiled away. The film was
then allowed to warm up slowly tq'aﬁbient temperature. Having
lost the unreacted material and by—prdducts at ~-80°C the
‘pressure fell to 5 x_lO_-"9 torr. The composition of the film
did_hot change on warming to room température, the'stoichiometry
of the film remaining CFy g2 from —SOOC to.foom temperature.

The compositions of the film derived from component analysis of

- the C envelope- and the Cls/FlS intensity fétios being ident-

1ls
ical, the-FlS/Fzs ratids'and angular dependent data also con-
firmed the film to be vertically homogenedus. Another notable
feature is the retention, though to a reduced extent of the

. re levels as shown
1s 1s core '

:‘in Figufe 6.2(c). The high binding energy component of the

men* shake-up satellites to the C,_  and F

Cls spectrum, due to shake-up from aromatic residues now re-

presents only ~4% of the total C Aintensity,this is approxim-

1s
ately in proportion to the CF component of the polymer (ef.

CF = 90

oo

mer* = 10% for the starting-material).

Component analysis of the C,_ spectrum of the

ls
material formed yield the following features C, (285eV, ~7%),



>C - CF, (286.6eV, ~12%), ~ C=C (288.0eV ~24%),
>CcF (290.5, ~34%), CF,-(291.9eV ~12.5%),
——CF3 (293.3eV. +5%) and m-m*(296eV v o43%) .

1.e. a carbon atom'in a.hridgehead-positioh in a perfluoro enviromment,
the carbon atom.may be attached directly only to other cafbon
atoms or have a single fluorosubstituent. This unoertalnty‘
explains the apparent dlscrepancy between the C:F stoichio-
'metrles-derlved from w1thln}the Cl, level and from the ClS/FlS
ratios; This is illustrated in Table 6.1. '
This analysls_is,consistentHWith the polymet‘pOSSessing a
highly oross—linked structure. ‘A:erude ahalysis shows that
from each'carbon atom being attached to 2 other carbon atoms
in the monomer,in the polymer thlS connect1v1ty has risen to,
_an average value of 23 (Z.e. l(:xn 3 lsptertlary).'. The |
ls peak profile and the st01chiomet;ies of'the ion beam poly-
'merised hexafluorobenzene films iesemble vety closely the
‘ spectra of plasma polymerlsed hexafluorobenzene obtained from
Vthe glow reglon 1n an 1nduct1ve1y coupled plasma, though the
..voverall_fluorlne content of the 1oh bean polymerlsed‘fllm is
lower;than those given bv AbRahman237 and Shdttleworthzo5 from
ESCA analysis ofvplasma,polymerised films of hexafluorobenzene.
Figure 6.3 compares the Cls spectra of the lon beam (upper)'and
plasma polymerised (lower) material. The similarity is
striking; Though the study of the interactions of ioh beams
with ofganic material is of interest ln.itself, the initial
goal was to understand thevrole of the various components of a
plasma in the reactlons of a plasma. The above observation
reinforces the link between the plasma envirohment and the local
'environment around the track 5£ an_incident dryon ion as it is

slowed by the medium.
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TABLE 6. l ESCA Analy51s of -.an_Ion Beam Polymerlsed Fllm of
C6 6 (2kv, 20 nA, 45 m1n) and the Thermal Behaviour

of the Film Stoichiometries

i~
Jw

men* CFy, CF, CF C CCF C 1
RT 3.4 4510 3 2% 13 09 97 Fo75 Fo.go
loo°c 4.3 4.9 12.5 34.6 24.2 1L.7 7 o985 Fo.7a Fo.g3
150°c 5.1 5.5 10.7 31.1 27.5 12.9 6.9 CF, CF,

Fo.965 Fo.69 “Fo.74

200°C 1.9 4.1 ll,Ov 31.0 30.5 _13;5_ 7.4 ‘CFO.95 0.65 0. 78

o o .
250°C 2.7 5.2 10,5 29.5 31.0 13.9 6.6 | CFy o7 CFp oo 0.68

Q
Q

a
Q

".6}3,3"Thermal Stability of the Ion Beam
: - Polymerised Materialf o .

Only thin films of the'material'were formed, in-
;d'suffiCient for analysls by Differential,Scanning Calorimetry.
Shuttlenorth performed‘bsc measurements on polymer films pro—A
:dnced by.the plasmolysis ofthexafluorobenzene.‘ The traces
obtalned dlsplayed only a 51ngle small tran51tlon in the range

- 375- 425K the tran51t10n belng 1rrever51ble. .The transition

‘.kwas attrlbuted to the loss of volatlle fragments by the matrix

ior the relief of strain 1n the crossllnked matrlx° (The poss-

;:j;iblllty of the 1oss of ocluded volatlles, e. g. unreacted monomer.

: fwas not conSLdered). The slow heatlng of a sample of ion beam
: polymerised_material under high vacuum conditions. The Cls
llevels'of the polYmer heated'from ambient temperature to_ZSOOC

. .are dlsplayed 1n Flgure 6. 4 . The detailed component analyses

| “f]of these levels 1s presented in Table 6.1 together with- stoichio-

. metr;es for the.fllm based. (a) on the Cl level component
analysis alone, assuming the component at vz88eV to be 1 due to

 =CF- functionalities, 2 due totally to (Q—C bridgehead carbons;



Figure 6.4
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and (b) .3 from the‘Flé/Cls intensity‘ratios using experimentally
derived sensitivity derived factors. The discrepancy between
the stoichiometries derived in the various ways arising fromi
the ambiguity in the assiénment of components due to -CF
functionalities and bridgehead carbon atoms.. The partition
between the two however is not clear. Problems may also arise
in the partitioning the tailing of the C,_ level between CF,
functionalities and shéke-up'transitions. The thermolysis »
results in the slight dgcrease in‘the CF component associated
with the original environments of these groups in the starting
matérial and the concomitant iﬁcrease in CF component assoc-
iated with less highly fluorinated environments, or bridgehead
carbon énvirqnments. The maferial appears to defluorinate on
heating above 150°cC. The changing structure of the film on
"heating is not however reflected in changes in thé integrated

intensity of the C level, which varies in an erratic fashion.

1s
The film was heated in a stepwise fashion from
‘ambient témperature to ZSOOC,‘after each temperature increment
the temperature was allowed tb equilibrate. Concomitént with
each step an initiéi pressure rise was observed, however the
pressure rapidly dfopped back_again; typically the SAC pressure

8 torr before drbpping back" to ca.2 xrlO—B torr.

rose to A5 x. 10
This would be consistent with the film tending to an equilibrium
structure at each temperature. The changes introduced into

the film on heating were not reversed by ccoling the film again.

6.3.4 The Influence of'Bombardment'Conditiohs
upon Film Formation

For a given total ion dose the structure of the

déﬁbéiied filmg (d4s determined by teans of 1SCAJ was found to
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vary little with the incident ion energy. . However increasing
ion dose was found to profoundly influence the structure of °
the film formed. The effect of increasing ion doseibeing

to form polYmers with lower fluorine contents, this is marked
by the increasing contribution of carbon atoms containing no

« fluorine atoms relative to that of CF functionalities in

the C, spectra (Figure 6.5 depicts the effect of increasing

ion dose). In contrast tb a conventional initiated free
radical polymerisation reaction; in a radiation induced
polymerisétion reéction, the polymerisatioﬁ is produced by thé'
irradiatibn,however the polymeric material,once formed is also
susceptible to radiation induced damage. The modificatibn

of fluoropolymer surfaces by ion beam bombardment has already
been considered in Chaptér Four. In general this modification
takes the'form of the defunctionalisétion;.defluorina£ion of

the polymer surface, giving rise to the formation of a carbbn-
aceous material. In the ion beam polymerisation of ﬁexafluoro—
benzene this occurs concomitant,withrthe polymer formation.

This situation is analogous to the Competitive Ablation Polymer-
isation (CAP) model290 proposed for plasma polymerisation. The
effects of higher power densities in the plasma polymerisation
of hexafluorobenzene were invesfigated by AbRahman237 (Figure

' 6.6){‘ The effects of increasing powef density upon the struct-
ure of the‘polymer film produced, as expressed by the C1s speétra
of the polymer surfaces, closely mirror those of inéfeasing ion
. dose upqn the structure of the final polymer. The increased
COhtfibution dﬁe to carbonaceous materiél béingidue to‘differ-
ing distributions of feactivé intermediétes produced by the

higher power density in the plasma or by the higher incident

ablative electron and ion flux on the growing pblymer surface.
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Figure 6.6 Cl', 1s and F2 levels of the plasma polymer prepared at 10,20,30,40 and
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Westwood291

studied plasma polymerisation inlelectroded systems
and observed that polymer deposition occurred mainly at the
cathode. He suggested that'the formation of the'polymer
followed a cationic mechanism. In considering the mechanism

of the plasma polymeriSation of hexafluorobenzene and other
fluorocaromatic species, Clark and AbRahman126 and AbRahman237
have placed emphasis on the role of cationic intermediates.
Polymeric material was also produced by the simultaneoué depos-
ition onto and bombardment of a gold substrate held at -120°C.
The material resembling closely that of the material prepared

by the bombardment of a predeposited film. The monomer, héxa-
fluorobenzene was only found to<depgsit on thersubstrate under
the conditions used provided the substrate was held at a temper-
ature lower than -90°C. Attempts tg produge polymer material
by mainfaining thé substrate temperature at -80°C (to increase
the residence time of the material on the substrate but not

lead to film forhation).were unsuccessful. This was intended to
emulate the conditions under which polymeric matérials were de—-
-pgsited in contaminated‘vacuum sysﬁems. The.similarity between
~the products formed by ion beam and plasma polymerisation of
hexafluorobenzene would supportithe in&olvement of similar spec-
ies:in the solid étate, ion beam polymeriéation of hexafluorc-
benzene. Similar materials have-also been prepared by eleétron
beam irradiation of condensed films of fluorobenzenes and
subjected to ESCA.analysis by:Brennan.266 There,are consider-
able similarities between the fiims prepared by the three app-
:roacbes suggesting a common mechanistic pathwéy._’ One commqn_
feature of each approach is the'presence of a reasonably largé

flux of low energy electrons, present eithér(in the plasma

EriviFshtisht SE prodticedl By & paFEIBi8 (aH s1sctfBR 6r ton)
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colliding with a medium.

ESR studies of the vy radiolysis of hexafluoro-
benzene in squalene by Anismov et a2292 revealed the formation
- of the anion, C6F6e, no evidence of'C6F6$ formation was seen
in the ESR spectra. Whilst some studies of the secondary
emission of electrons on ion and electroh by-a medium have
been undertaken by various workers, the measuremeﬁt is com-
'plicéted by_secondary electrons with energies less thah the
work function, (typically 5-6eV for a polymer surface) do not
escape from the surface; Hence this flux may be difficult
to estimate, however the cross-seétions for electron attach-
:menﬁ vary rapidly.with,energy for low‘energy electrons, they
are large in the electron energy range O-3eV, Christophorou gnd
.cé;worke:szg3 have made extepsive sﬁudies of the formation of
thébnegaﬁive ion states of flﬁorbbeﬁzenes.' The ionisation
enérgy of hexafluorobenzene is 9.88eV, well Within the expécted
eiectron energy distribution féf the secondéryveléctrohs how-

' ever posseSéing a much lower cross—Sectién than for electron

aﬁtachment,” :Héwever'the lifetimes of negative ion states in
the gas phase are likeiy to be in the range 10_7 - 10-9 sec,

and muéh lower in thé‘cohdensed-state.

Electron impact spectra'for the fluorobenzenes have

294

"been reported by Kuppermann and co-workers. The threshhold-

electron excitation spectrum of hexafluorobenzene'has been re-
ported by Brongersma, (see Ref.293) displaying a range of states
in the‘rénge 4-8eV however i£ is difficult to deduce the cross-
sections for the excitations from such experiments. Thus a |
range of excited states is accessible by secondary electron

bombardment. Molecular rearrangements of the benzene ring

SyHteh arising from exclted stated Hdve boen tHe subjoct of
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numerous inveétigations.: Thﬁé under ion bombardment, the
products of such rearrangéments, prismane and benévalene type
structureé (Figure 6.7) may well be involved. The energetic4
ally most favourable intermediates being that of fulvene and
hexadienyne types. Other featufes observed in the Cls spectra,
‘such as trifluoromethyl substituents, may be envisaged as the
rearrangement products of fhe monomer upon ionisation, fluorine

migration being facile.

: Through. the férmation of polymeric material from
'these.prdposéd intermediéteS'may be envisaged and would account
for the‘féatures observed in ‘the ESCA spectra, the exact role
‘or contribution of each canﬂot be aséessed at this stage other

than on a purely qualitative basis.

Polymgric maﬁerial was forméd after total ion doses
of 2.25 x lO‘14 ions cm__.2 (= 2.25‘ions:per 1008 2). If the
density of the polymer ig approximated to that of the monomer
1.e. v1.6g cm-;3 and the film thicknésé'to be 1y (lO?Gm) though
this is probably an overesﬁimate) then it ig»possible to estimate
the efficiency,of’the reactidn. A Single incident ion lead-
iﬁg to the incotporation of %2000 ﬁondmer'molecules ihto the
polymer. TheAaboVe isia érudg‘estimate which 6verestimateé-'
-the amount of material produced) however, i£ illustrates the
4efficiency of the procesé. However, a chainireactidn would
seem unlikely considering the monomer emplcyed. ,Again considf
ering a 108 x 108 areé of the surface, at the ion curreht em—
pioyed, 20 nA, this is equivalent to one ion enfering this aréa
every 800s. On -this basis the polymérisation'ih a given érea
is expected to be due to a single event. Thbugh at lower ion

doses, though damage was observed in the ESCA spectra of the
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©  Figure 6.7 Intermediates proposed for the polyme‘risation of
hexafluorobenzene on ion beam bombardment
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condensed, bombarded films, on warming often no film of poly-
meric material was formed. The implication is that the re-
action proceeds in a stepwise fashion, "oligomerisation" occurr-
ing in the region of the spur.or track of the incident ion.

}For polymer formation these spurs must overlap to an extent;
ESCA spectra have shown that the polymeric material is formed
on bombardment, the components due to the polymer may be ob-
served in the bombarded film held at -120°c. (The spectra

may be regarded as a sum of components due to the material

formed and the starting material).

Though experimental difficulties precluded a more
detailed study of the ien beam polymerisatiou of organic mater-
ials from this limited study and comparison with other studies
several points emerge: the similarity of the structure of the
meterials produced to those by plasma teehniques; wheteas the
origihal ion was to provide an insight into the mechanism-of'
interection between iOns and organic material, what has emerged
is the great apperent simi}arity between the mechanisms'Of
formation of the msterials; it is not however possibie to delin-

eate a single common factor-respbnsible for the similarity.

Polymerlc material was also formed by conden81ng
hexafluorobenzene on to a cooled gold substrate at —120 Cc -
_130 C and exciting an argon plasma (20W, 0.2 torr, 5 min) above
the c0ndensedgﬁlm; Ou eveporatiou of the excess hexafluorobeuzen
a thin film of material was produced; The ESCA analysis of "
‘this material was troubled by the presence of a thick overlayer
ef hydrocarbon. The spectra merely show that the material
produced has fluorine incorporated, no conclusions msy be drawn
as to the chemical structure of the fllm.. Microscopie‘ekamin—

.-~.c--\.— - Sonimyde e g

atioh, bdth @ptical and SEM, of the fldt efiéi Eg§geé showad it ko
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be deposited unevenly as an island in the middle of the probe

tip surface, within this area the film was highly reticulated.

6.3.5 An ESCA Examination of the Thermal Degradation
of Plasma Polymerised Hexafluorobenzene

The thermal degradation of plasma polymerised hexa-
fluorobenzene was investigated using differentiated'séanning
calorimetry by Shuttleworth. He found the material not to
display any reversible transitions, ohe small transition was
observed at 375-425K. The thermal gravimetric analysis qf
such materials shows a stéady weigh£ loss from the material on
heating. In this contéxt it was decided to use ESCA to in-
Vestigaté the stability and changes in chemistry in this mater-
ial on thermolysis. A film of the plasma polymerised hexa-
fluorobenzene was deposited on to a gold substrate (20W, 0.2 torr,

5 min). The sample was then fixed with a sCrew to a probe tip
attached to a standard ES300 insertion probe. The probe tip
temperature was increased in 100°¢c steps from 100 to 500°C.

The C; g and F g Spectra of the film taken at a take-off angle

of 35° are presented in Figure 6.8. The degradation of the
polymer is ewvident from the increasing contribution of the

" carbonaceous component of the C spectrum with increasing

ls
substrate temperatures. Component analyses of the,Cls levels
on thermolysis are depicted in Figure 6.9. The defluorination

of the material due to the thermal degradation of the material
is shown in Figure 6.10. (The stoichiometries derived from

considering the C S:F intensity ratios and by component anal-

1 ls
ysis of the C,g level are both presented). Concomitant with

the degradation, the absolute intensity of the C,g level (Figure

6.11) is found to increase. The changes introduced into the
/
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Figure 6.8 Variation in the Cls profile of a plasma

nolymerised hexafluorobenzene film on thermolyéis
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Figure 6.10 Variation in the C:F stoichiometry of a

plasma polymerised film of hexafluorobenzene

on thermolysis
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Figure 6.11 Variation in the absolute intensity of the ClS

level of a film of plasma polymerised hexa-

fluorobenzene on thermolysis
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polymer on heating are not reversible by cooling the sample.
On removal from the vacuum system the sample was found to have

darkened during treatment.

Consideration of Figure 6.9 shows that on thermo-
lysis whilst the material is found to lose fluorine, fluorine

is not lost from the.CF2,.and CFq functionalities present in

1s
remain approximately constant.  The major reaction is that

the polymer as prepared, their contributions to the C level
of the conversion of CF species into carbon species with no a
fluorine, Z.e. a reaction in which fluorine is eliminated from:
'thé polymer matrix. However whether the fluorine is 1ost.

as eiemental'fluorine or as a fluorocafboh fragment is unknown.
(A future refinement would be the monitoring of the sufface

stoichiometry with ESCA with the simultaneous use of a residual .

gas analyser to monitor the gasebus préducts_bf the degradation).

The most obvious feature of the degradation is the
drastic simplification of the Cls level upon thermolysis. The
elimination of volatile fragments from the matrix leading to a
relief of strain in the.matrix and cross-linking of the matrix
leéding to higher absolute intensities of the Cls level. The
resqlutioq of the structure of the Cls level as the .reaction
proceeds is due to the use‘of.linﬁs which strain and sﬁreés the
syétem and modulate the chemical shift environments. of the re-

maining functionalities. The use of fluorine from the matrix

reducing the range of chemical shifts exhibited by the matrix.

6.4 Conclusions

This outline study has shown that films of polymeric

P— -~

material may be produced by the low dose, low ion energy bombard-

t
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ment of hexafluorobehzene. Much ofAthe early work in the

field of the ion and electron beam deposition of polymer films
dwelt ﬁpon the electrical properties of such films. In this
study the chemistry of these films has been interrogated, the
electrical properties remain to be investigated. The similar-
ity in the chemistry of the plasma and ion beam polymerised films

is striking.

The coverage of the materials on a substrate remains -
difficult to control, a factor which would detract from the

use of such materials in eg. microelectronic device fabrication.

It would be interesting too, using methods akin to those
employed in chemically assisted ion beam etching, where a jet
of a reactive gas, eg. oxygen is directed at the surface of a
sample bombarded by an inert gae ion beam. The use of a jet
of monomer and heavy differential pumping mighfvpermit the

" more even deposition of films.

At higher ion beam doses the polymer film formed tends
to be more carbonaceous in nature. Such behaviouf may be ex-
ploited to produce a range of materials from a single starting
material, ranging from an insulator to a_defunctionalised
amorphous carbon matrix, with a corresponding range of elect-

rical properties.
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APPENDIX ONE

RESEARCH COLLOQUIA, SEMINARS, LECTURES AND CONFERENCES

The Board of Studies in Chemistry requires that cach
postgraduate research thesis contains an appendix listing
all research colloguia, seminars and lectures by external
speakers held in the department as well as all conferences
attended by the author, during the period of research.

Lectures held October 1980 - July 1983

Dr. D. Mass (Salford Univ.) - 'Reactions a Go-Go', 16 Oct.1980.

Prof. T.M. Sugden (Cambridge Univ.) - 'Chemistry in Flames',
23 Oct. 1980.

Prof. N. Grassie (Glasgow Univ.) - 'Inflammability Hazards in .
Commercial Polymers', 30 Oct. 1980.

Prof. A.G. Sykes (Newcastle Univ.) - 'Metallo-proteins: An
Inorganic Chemist's Approach', 6 Nov. 1980. .

Dr. M. Gerloch (Cambridge Univ.) - 'Magnetochemistry is about
Chemistry', 12 Nov. 1980.

Prof. N.N. Greenwood (Leeds Univ.) - 'Metalloboranc Chemistry',
13 Nov. 1980. o

Dr. T. Gilchrist (Liverpool Univ.) - 'Nitroso-olefins as
Synthetic Intermediates', 19 Nov. 1980.

Rev. R. Lancaster - 'Fireworks', 4 Dec. 1980.

Dr. R. Evans (Brisbane Univ., Australia) -~ 'Some Recent Communic-

ations to the Editor of the Australian Journal of Failed
Chemistry', 18 Dec. 1980.

" Prof. E.A. Dawes (Hull Univ.) - 'Maglc and Mystery through the

Ages', 22 Jan. 1981.

Mr. H.J.F. Maclean (I.C.I.Ltd.) - 'Managing in the Chemical
Industry in the 1980s', 29 Jan. 1981.

Prof. F.G.A. Stone (Bristol Univ.) - 'Chemistry of Carbon to
Metal Triple Bonds', 5 Feb. 1981.

Dr. I. Fleming (Cambridge Univ.) - ' Some Uses of Silicon Comn-
‘pounds in Organic Synthesis', 12 Feb. 1981.

Prof. S. Kettle (Univ. of East Anglia) - 'Variations in the
Molecular Dance at the Crystal Ball', 18 Feb. 1981.

Dr. K. Bowden (Essex Univ.) - 'The Transmission of Polar Effccts
‘of Substituents', 25 Feb. 1981, o

Dr. J.F. Stoddart (I.C.I. Ltd.) - 'Stereocheimical Principles in

the Design and Function of Synthetic Molecular Receptors',
11 Mar. 1981. '

Prof. W.P. Jencks (Brandell Univ., Mass.) - 'When is an Inter-
mediate not an Intermediate?', 17 Mar. 1981.
Dr. J.P. Smith (Int. Tin Research Institute) -~ 'Organotin Com-

pounds - A Versatile Class of Organometallic Compounds'
18 Mar. 1981,

Dr. W.H. Meyer (RCA, Zurich) - 'Properties of Aligned Polyacetyle:
9 Apr. 1981. S ' :

Prof. M. Gordon (Essex Univ.) - 'Do Scientists have to Count?',
7 May 1981. ’

Dr. J. Rose (ICI Dlastlca) - 'New Engineering Plastics', 10 Jun.l%c¢

- Dr. P. Moreau (Montpelier Univ.) - 'Recent Results in Perfluoro-

organometallic Chemistry', 17 Jun. 1981.

Dr. P. Plimmer (Du Pont) - 'From Conception to Commercialization

of a Polymer'; 21 Sept: 1981:
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Prof. E. Kluk (Univ. of Katowice) - ' Some Aspects of the Study

of Molecular Dynamics', 14 Oct. 1981.
Dr. P.J. Corrish (Dunlop Ltd.) - 'What would Life be like without
Rubber?', 22 Oct. 1981. -
Dr. W. Moddeman (Monsanto Ltd.) - 'High Energy Materials, 6 Nov.193:
Prof. A.I. Scott (Edinburgh Univ.) - 'An Organic Chemist's View
_ of Life in the n.m.r. tube', 12 Nov. 1981. ,
Dr. W.0. Ord (Northumbrian Water Authority)- ' The Role of the
Scientist in a Regional Water Authority', 26 Nov. 1981.
Dr. R.E. Hester (York Univ.) - 'Spectroscopy w1th Lasers', 3 Dec.19¢
Prof. I. Fells (Newcastle Univ.) -. 'Balancing the Energy Equation
28 Jan. 1982.
Dr. D. Pethrick (Strathclyde Univ.) - 'Conformational Dynamics
of Small and Large Molecules', 10 Feb. 1982.
Dr. D.W. Turner (Oxford Univ.) - 'Photoelectrons in a Strong
Magnetic Field', 17 Feb. 1982.
Prof. R.K. Harris (Univ. of East Anglia) - ‘N.m.r. in the 1980s',
, 18 Feb. 1982. :
Prof. R.0O.C. Norman FRS (York Univ.) - 'Turning Points and
Challenges for the Organic Chemist', 25 Feb. 1982.
Dr. P. Banfield (I.C.I. Organics) - 'Computer Aided Synthesis
Design: A View from Industry', 3 Mar. 1982.
Dr. R. Whyman (I.C.I. Ltd.) - 'Making Metal Clusteérs Work",
4 Mar. 1982. ' . -
Prof. D.J. Burton (IOwa Univ.) -~ 'Some Aspects of the Chemistry
of Phosphonium. Salts and Phosphates', 28 Jun. 1982.
Prof. Neidlein (Heidelberg Univ.) - ' New Aspects and Results of.
Bridged Annulene Chemistry', 13 Sep. 1982.
Dr. W.K. Ford (Xerox, New York) - 'The Dependence of the Elec;ron.

Structure of Polymers on their Molecular Architecture',
27 Sep. 1982.

Prof. H. Suhr (Univ. of Tublngen) - 'Preparative Chemistry in
Non-Equilibrium Plasmas', 14 Oct. 1982. .

Mr. F. Shenton (County Analyst, Durham) - 'There is Death in the
Pot', 14 Oct. 1982. '

Dr. C.E. Houseccroft (Notre Dame Univ.) - ‘'Bonding Capabilities
of Butterfly-shaped Fe, Units',6 27 Oct. 1982.

Prof. M.F. Lappert, FRS (Sussex Univ.) - 'Approaches to Assymetri

Synthesis and Catalysis using Electron-rich Olefins and Some
of their Metal Complexes', 28 Oct. 1982, and ‘'The Chemistry
of some Unusual Subvalent Compounds of Group IV and v
Elements', 28 Oct. 1982.

Dr. D.H. W1111ams (Cambridge Univ.) - 'Studies on the Structures

, and Modes of Action of Antibiotics', 4 Nov. 1982.

Dr. J. Cramp (I.C.I.Ltd.) - 'Lasers in Industry, 11 Nov. 1982.

Dr. G. Bertrand (Paul Sabatier Univ., Toulouse) -~ 'Curtius Re-
arrangement in Organometallic Series: A Route for New

. Hybridized Species', 15 Nov. 1982.

Prof. F.R. Hartley (R.M.C.S., Shrivenham) - 'Supported Metal
Complex Hydroformylation Catalysts', 24 Nov. 1982.

Dr. D.R. Richards, (P.E.R.M.E.) - 'Terminally Functional Polymers
their Synthesis and Uses', 25 Nov. 1982. :

Dr. G. Wooley (Trent Poly.) - 'Bonds in Transition Metal Cluster
Compounds', 8 Dec. 1982,

Dr. D.C. Sherrington (Strathclyde Univ.) - 'Polymer Supportcd
Phase Transfer Catalysts', 12 Jan. 1983.

Prof. D.W.A. Sharp (Glasgow Univ.) - 'Some Redox Reactions in
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