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AN ESCA INVESTIGATICN OF ICW ENERGY ELECTRON BEAM MODIFICATICN AND
FORMATTON -CF POLYMERS
by
WILLIAM JAMES BRENNAN

ABSTRACT

Physical and chemical aspects of the interaction of low energy electrons
with organic polymers and polymer precursors have been investigated using X-ray
photoelectron spectroscopy (XPS or ESCA).

Electron mean free paths have been determined over a substantial kinetic
energy range using TiKo and Culo excitation sources employing the substrate
overlayer technique for poly(paraxylylene) films on gold substrates. The
ability of the Ti source to probe deep lying core levels in conjunction with
the use of a Cula source enabled a square root dependence of mean free path
on kinetic energy to be formulated over the enerqgy range 0.5+4.4 keV such that
at 4.4 keV mean free path is "40R.

In view of technological interest in the radiation modification of poly-
mers the interaction of low energy electron beams with fluorcopolymers, specif-
ically PIFE and PVF,, has been investigated. In both cases defluorination
of the surface regions has been shown to take place which increases with
radiation dose and dose rate leading to the formation of an unsaturated carbon-
aceous network. The reaction is, however, independent of electron beam energy.

In the initial states of irradiation inhomogeneities in the surface
region occur in the case of PIFE but not PVFZ, but the depth of modification
in both cases being beyond the ESCA sampling depth using MgKa radiation.

The irradiation of condensed fluorobenzene#results in the formation of
films of involatile polymeric material whose camposition is a function of
starting material and shows greater defluorination with applied dose. Under
controlled conditions the films closely resemble those dbtained by plasma
polymerisation illustrating the similarity in electron beam and plasma pro-

cesses.

As an extension to this idea MNDO-SCF-MO calculations have been carried
out on the structural iscmers of the perflucrcdiazabenzenes in an attempt
to interpret previous experimental cbservations relating to their plasma
polymerisation, which may also be relevant to their electron beam polymer—

isation.
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CHAPTER ONE

ELECTRON SPECTROSCOPY FOR

CHEMICAL APPLICATIONS (ESCA)




1.1 ZIntroduction

The ESCA experiment involves the measurement of the
electron number distribution with kinetic energy of photo-
electrons emitted from the sample (solid, liguid or gas) by
irradiation with a beam of nearly monoenergetic soft X-rays.
Development of the technique has taken place over the past
three decades to an extent where it is routinely employed in
studies of structure, bonding and reactivity in the fields

of organic, inorganic and physical chemistry.

The photoelectric effect was discovered by Hertz in 18872
by observing that an electric discharge occurred more readily
between two electrodes when the cathode was exposed to ultra-
violet light. The results of subsequent experiments ~6 led
to Einstein's formulation of the photoelectric effect in terms
of phélons.7 X-ray induced photoelectron emission from a
variety of materials was investigated by Robinson,8 de Broglie9
and otherslo until the early 1930s. Although the measurement
of binding energies was possible from these studies, the severe

experimental difficulties concerning electron detection and

energy resolution concealed the potential of electron spectro-
SCOpY .

Significant progress in the technique, however, was made
during the 1950s and 1960s, mainly as a result ofrthe pioneering
work by Siegbahn and co-workers at Uppsala University. With
a background experience in nuclear spectroscopy this group
developed an iron-free magnetic double focussing electron
analyser capable of resolution of a few parts in lO4 over a

wide energy range up to several hundred keV, but suitable for

electrons in the keV range. Using a CuKa X-ray source



thv = 8048.04 eV) the Uppsala group found that sharp, essentially
symmetric photoelectron lines could be resolved from the edge

of the electron continuum. The observed lines are due to
electrons which have not undergone any energy loss and are
therefore related to the binding energy of the atomic level

from which photoemission has occurred. The observation that

core electron binding energies exhibited chemically-induced

12,13,14

shifts by Siegbahn, allied with the earlier observ-

15,16

ation by Steinhardt and co-workers that core photoelectron

peak intensities could be used for analysis clearly demonstrated
the utility of the technique. Much of the early work by the
Uppsala group was extensively documented in 1968 in "ESCA,

Atomic, Molecular and Solid State Structure Studied by means

of Electron Spectroscopy",l7

Free Molecules".18 An historical account of the work at Uppsala

19

and in 1969 in "ESCA Applied to
was given by Siegbahn in his Nobel lecture, and the develop-
ment of ESCA prior to Siegbahn can be found in the comprehensive

reviews by Jenkin et aZ.ZO

ESCA is also widely known as X-ray Photoelectron Spectro-
scopy (XPS). The technique has also been known by ﬁhe terms
High Energy Photoelectron Spectroscopy (HEPS); Induced Electron
Emission Spectroscopy (IEES) and Photoelectron Spectroscopy of

the Inner Shell (PESIS) although these are not in common usage.

1.2 Processes involved in ESCA

1.2.1 Photoionisation

Irradiation of atoms, in either molecules or a

lattice, by soft X-rays causes the photoejection of electrons
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Figure 1.1 Schematic of photoionisation

wiﬁh specific energiesil7 as shown schematically in Figure 1.1.
The ejected electrons may originate from either the core or
valence levels; however, with soft X-rays (typically hv>1kV)
the relative probabilities of photoionisation greaﬁly favour
core emission.21 : | -

The most commonly used X-ray sources are AlKal,Z
(hv = 1486.6 eV) and MgK“l,z (hv = 1253.7 eV) although the use
of harder sources (e.g. TiKul,Z’ hv = 4510 eV) is becoming
widespread. Chapter Three will deal with this point in more

detail. Using MgKa, , excitation, the relative probabilities
4 - ST ’ _ v



of core and valence photoionisation in carbon, as determined

by consideration of photoionisation cross sections for the 1ls
level and the 2s and 2p levels is 20:1 Ultraviolet Photoelectron
Spectroscopy (UPS) using less energetic photons (e.g. He(I),

hv = 21.22 eV; He(II), hv = 40.8 eV) is used to probe valence

levels of molecules in greater detail,22

The kinetic energy, KE, of an electron photoemitted

from an isolated molecule or atom is given by
KE = hv - BE - Er (1.1)

where BE is the binding energy of the photoemitted electron,

and Er is the recoil energy of the atom or molecule. The
recoil energy has been calculated to decrease with increasing
atomic number and for typical photon sources used in ESCA it
may be considered neg-ligible,17 For very high photon energies,
for example AgKa (22 keV) the recoil energy for light elements
has been- shown to be significant and must be taken into aééount,23

However neglect of recoil energy is acceptable for commonly used

X-ray sources and so equation 1.1 reduces to
KE = ‘hv - BE (1.2)

For a solid, binding energies are referred to the Fermi.level,v
defined for a metal as being the highest occupied level at

absolute zeroo24

This interpretatioh of the Fermi level is
also very nearly true for metals at normal ‘teihpera_ttifes° For
semiconductors and'insulators however it is not so simple to
locate the Fermi level, which lies somewhere between the filled
valence bands and the empty conduction bands. . If photoion-
isation is simply the ejection of an electron with no other

effects on the atom or molecule then the binding energy is,

by definition, simply the énergy of the orbital from which the



electron is removed. That is

BE = =-ei (1.3)

This relationship is straightforwardly derived and is known

as Koopmans’ theoremo25 However the "frozen” final state
binding energies as given by Koopmans® theorem are generally
higher than those observed experimentally. This discrepancy
is due to the effects of ionisation on the electronic structure
of the atom or molecule. These processes occur over the same
time scale as the photoionisation process, and may therefore be
thought to accompany photoionisation and thus contributing to
the observed binding energy and are dealt with in the next

section.

1.2.2 Processes accompanying photoionisation

(i) Relaxation

Removal”éf a core electron, which is effectively completely
shielding, exposes the valence electrons to a sudden increase
in effective nuclear charge. The result is a contractibn of
the valence shell in spaCe'thereforelimparting,a-stabiliéation‘
energy to the final core hole state. This reOréanisatioﬁ‘of »
the valence electronic structure is termed relaxatior'i"ze;;-29 a#d

results in modification of equation 1.3 to

BE = =-ei = R.E. (1.4)

where R.E. is the relaxation energy accompanying photoionisation.

Before proceeding further it is worthwhile to point out
that equation 1.4 does not represent the ekact binding energy.
A small error is introduced by the neglect of relativistic
effects, which can be substantial however for deep levels in

heavier elements. The ASCF method also ignores the change_ih;



electron correlation energy on going from the initial state
to the final core hole state. The Hartree-Fock method used
in ASCF methods assumes an electron moves in the presence of
an average potential created by the other electrons, and so
neglects instantaneous repulsions between pairs of electrons.
The contribution to the total energy due to instantaneous
repulsions is the correlation energy which is usually a small
proportion of the total energy of the molecule or atom but
significant in terms of energies associated with physical and

chemical phenomena.

The relaxation energy is found to be a sensitive function

of the electronic environment of a molecule or atom29-34 and

for core ionisation of first row atoms can result in a sub-
33,35

stantial correction to Koopmans® theorem (+l3 eV) in the
calculation of the absolute binding energy. Calculation of
relaxation energy involves performing separate analyses of

both the neutral species and the core ionised state.,27"29’33
Differences in relaxation energy for closely related molecules

are small and so cause only minor changes to shifts in bkinding

33
energy.

Relaxation energies for valence electron photoionisation
are typically an order of magnitude smaller than for core
ionisation since the change in nuclear potential is larger
on removal of a core electron due to its greater screening

coefficient,33

Figure 1.2 shows a schematic of photoionisation and relax-
ation processes and also the closely related phenomenom of
shake-up which again occurs over a time scale fast enoguh as

to be considered simultaneous with photoionisation.
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Figure 1.2 Photoionisation, relaxation and shake-up

(ii) Shake-up and Shake-off processes

Core electrons contribute a substantial proportion of
the total electronic energy of an atom or molecule but are
essentially localised in the proximity of the nucleus. Al-
though they do not take an active role in bonding, the core
electrons closely monitor the valence electron distribution,18

The sudden perturbation to the valence electron cloud accompany-

ing core ionisation gives rise to a finite probability for



photoionisation to be accomparied by simultaneous excitation
of a valence electron as well as the relaxation described in
the previous section. The valence electron in the shake-up
process is simultaneously excited to a virtual orbital and
shake-off involves simultaneous emission of a valence electron
from an occupied orbital to the vacuum level. Evidence has
been presented for shake-down processes36 (photoionisation of
an excited state accompanied by de-excitation of the electron

initially in a virtual orbital).

Shake-up and shake-off processes result in excited states
of the core ionised species and because they are essentially
simultaneous with photoionisation result in modification of

the observed kinetic energy to
KE = hv - (BE + E) (1.5)

where E is the energy of the multielectron transition. Thus
satellite peaks to the low kinetic energy side of the direct
photoionisation peak are observed as shown in Figure 1.3.

The shake-up process to a first approximation obeys monopole

L

be viewed as the ESCA analogue of ultraviolet spectroscopy.

selection rules (AJ = AL = AS = AMj = AM. = AMs = 0O) and may

Gaseous species spectra clearly37 show a large number of peaks
to the high binding energy side of the direct photoionisation
peak, most of which are due to shake-up processes because the
transition probabilities for shake-off tend to be relatively
small. However for solids most shake-up and shake-off peéks
are lost in the broad inelastic tail (see later) extending
from +20 eV to higher BE of the direct photoionisation. For
organic materials in the condensed phase shake-up peaks may be

observed if the transition energy is low enough. This occurs
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in species which contain 7T bonding systems and identification
of shake-up peaks has been shown to provide information re-

38-40

garding unsaturation in polymeric materials. Shake—-up

structure has also been observed in a variety of solid inorganic

41,42,43 In metals, and conductors in general, the

materials.
form of the density of states curve above the Fermi level pro-
vides a continuous range of core electron excitation energies,
rather than the discrete set observed in atoms and molecules.
Thus shake-up processes result in an asymmetric tailing to
high BE of the main peak rather than a sharp set of lines at

discrete energies from the main peak.44_47

Manne and gberg48 have shown theoretically that the first
moment of the satellite spectra with respect to the main photo-
ionisation peak is equal to the relaxation energy, as shown

schematically in Figure 1.3.

KINETIC ENERGY. — mean

Figure 1.3 Relationship between Koopmans' theorem, relaxation
energy, and the relative intensities of direct
photoionisation, shake-up and shake-off
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1.2.3 De-excitation processes

These processes are illustrated in Figure 1.4.

Photoicruzation Auger Emission X-ray Fluprescence

Virtual
Orbitals .
valence >
Orbitals —_——o———

rw
Core
Orbitals

Figure 1.4 De-excitation by Auger emission and X-ray

fluorescence

Briefly these processes involve filling of the core hole vacancy
by an electron from a higher occupied level. The energy re-=
leased by such a process results in simultaneous emission of
either another electron from the high level, vZz the Auger
process,,‘w-51 or emission of a quantum of X-radiation, 7.e.
60

X-ray fluorescence.

The time scale for de-excitation processes of the core

hole are generally much slower than photoionisation and have

no effect on the observed KE of the photoelectron.
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Figure 1.5 indicates that for de-excitation of a K shell

vacancy (Z.e. ls core hole) Auger emission is the predominant

process for elements of low atomic 8 number while K shell

fluorescence is dominant for heavier elements.

o
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Figure 1.5
and Auger emission for a K shell core hole

Auger electron spectroscopysz"53 is an established surface

analytical technique and will be discussed in Chapter Two.
Some mention will however be made here on the role of Auger
lines in XPS. The concept of the Auger parameter has been

developed,54-59 chiefly by Wagner, for the identification of

chemical states. The parameter, ¢, is given by

o = KE - KEP, (1.6)

where the Auger line chosen is generally the most intense and
is recorded virtually simultaneously with the photoemission

peak. Thus the parameter is independent of sample charging

effects, and once obtained the parameter may be compared to



2 dimensional chemical state plot559 on which photoelectron
and Auger Data are represented and the oxidation state of the

element estimated.

X-ray fluorescence spectroscopy is a means of gualitative
analysis for elements of atomic number greater than 8 (as a
consequence of the probabilities shown in Figure 1.5). Con-
centrations down to 0.01% for first row transition metals and
0.1% for most elements have been detected. A recent review of

the technique has recently been published,61

The relative sensitivitiesof ESCA, Aes and X-ray fluoresc-
ence spectroscopy are shown in Table 1.1 together with other
familiar analytical techniques.

TABLE 1.1 Relative sensitivities of ESCA compared to
other analytical techniques

Bulk Techniques Minimum Detectable Quantity (g)
Infrared absorption lO“6
Atomic absorption 10_9 - 10_2
Vapour phase chromatography lO_3 - 10-7
High performance liquid chromatography 1076 - ]_O—9
Mass spectroscopy 10_9 - lO—15

Surface Techniques

ESCA 10710
Neutron activation analysis lO—12
Ion scattering spectrometry lOE-15
X-ray fluorescence 10_7
Auger emission spectroscopy 10“14
-13

Secondary ion mass spectrometry 10
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1.2.4 Energy loss processes

In gas phase studies it is found that some of the
features to the high binding energy side of the primary photoion-
isation peak increase with increasing pressure, whereas shake-
up and shake-off peaks remain essentially the same. These
features are due to discrete energy losses and in a solid phase
spectrum they effectively drown most shake-up and shake-off
peaks. The energy losses that occur are indepéndent of the
initial photoionisation event and may therefore be thought of
as extrinsic. However some structure can be observed and
"plasmon' peaks are observed in the case of metals ~20 eV to
the high binding energy side of the primary photoionisation

31
peak,3‘4and are due to photoelectrons having undergone one

97

inelastic loss on exit from the sample, and are therefore

extrinsic to the photoionisation process.

1.3 Features of ESCA Spectra

1.3.1 Binding Energies

Since the core electrons are essentially localised
on atoms their binding energies are characteristic for a given
element.63 Table 1.2 gives approximate core binding energies
for first and second row elements and it can be seen from this
that the binding energies are sufficiently separated that
identification of the gross elemental composition of the sample
is possible from the B.Es. of signals detected. With convent-
ional sources (MgKul,Z at 1253.6 eV and AlKocl”2 at 1486.7 eV)

it is possible to probe down to the 1s levels for all first row

elements, 2s or 2p for second row elements and so on. The



15

TABLE 1.2 Approximate core binding energies of first
and second row elements

Li Be B C N (0] F Ne
1s 55 111 188 284 399 352 686 867
Na Mg Al Si P S 65) Ar

1s 1072 1305 1560 1839 2149 2472 2823 3203

2s 63 89 118 149 189 229 270 320

2pl/2 31 52 74 100 136 165 202 247

2p3/ 31 52 73 29 135 164 200 245
2

2s and 2p levels are effectively core like (Z.e. shielding,
localised on an atomic centre and non-participatory in bonding)
for second row elements, as are the 3s, 3p, 3d for third row

elements and so on.

It is worthwhile at this stage to clarify the relation-
ship between the experimentally observed binding energy for a
s0lid or liquid as opposed to a free atom or molecule. The
following discussion does not include charging of the sample
which will be dealt with later (Section 1.3.7), Z.e. the sample
is assumed to be conducting and in electrical contact with the
spectrometer. As stated in Section 1.2.1 the Fermi level in
a metal is defined as the highest occupied level. With the
sample in electrical contact with the spectrometer the Fermi
levels of both will line up and a contact potential will be

established (see Figure 1.6).

The work function ¢ is defined as the energy gap between
the vacuum level and the Fermi level. However the work function
for the sample (¢s) may not be the same as that for the spectro-
meter (¢spec)°63 Thus the value of the contact potential will

be (¢s - ¢spec) and so -the observed KE is related to the vacuum



16

- -
Ke'’
KE
Vacuum
Level [sample) Vacuum
Level {spect)
C
<f’spec
I __ _Fermi
& Level
hv
BE Eﬁfrgy
, core’
level
SAMPLE SPECTROMETER

Figure 1.6 Energy level diagram for a sample in electrical
contact with the spectrometer

level KE, KEV
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and so equation 1.2 now becomes

KE = E + (¢s - ¢spec) (1.7)

KE

hv - BE' + ¢s - éspec.
Referencing the binding energy to the Fermi level then gives
KE = hv - BE - ¢spec. (1.8)

The binding energy referenced to the Fermi level therefore
is independent of the work function of the sample. This is

convenient since it gives a constant correction to all binding
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energies. The measurement of absolute binding energies is

circumvented by the use of reference standards64

for cali-
bration, although a recent ASTM report demonstrated the need
for improved calibration methods and operating procedures

amongst the U.S. ESCA communityo65

1.3.2 Chemical shifts

The energies of core levels in molecules are

18,13 that is the

sensitive to their electronic environment,
valence electron charge distribution. Since they are local-
ised,'on the other hand, the shape of the core orbitals is
essentially unchanged on chemical transformation. Thus differ-
ences in core binding energies occur depending on chemical
environment, but the photoelectron cross section remains essent-
ially constant, but intensities of chemically shifted peaks
within the same core level envelope are directly related to the
relative numbers of atoms in different environments. These

points are illustrated in the Cls spectrum of ethyl trifluoro-

acetate (Figure 1.7).

Some typical values for chemical shifts are given in

Figure 1.8.

The interpretation of chemical shifts theoretically in

general have been carried out using the following methods:

(i) Koopmans' Theorem25
(ii) ASCF method526”33"67
(iii) Egquivalent cores model68_7l
(iv) Charge potential model19
(v) GQuantum mechanical potential model72-74

(vi) Transition state model75”76

(vii) Greens Function formalism109
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There are several recent accounts of the physical processes

in photoionisation from a theoretical viewpoint,66"77
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1.3.3 Fine Structure

Fine structure in core hole spectra can arise
as a conseguence of the pseudo monopole selection rules in
photoionisation. The types of splitting encountered for each
shell are shown in Figure 1.9. Orbital ‘'splitting’ is simply
a manifestation of the different binding energies of the 2s
and 2p levels and will not be considered any further. It is

worthwhile to briefly discuss the remainder individually.

et 3 { $32
205 | @ l——-3
2p 4 m=20% o2
f (6) Y (2) —=l
ns2 | 8o mstll ol
N N =T
@ S (2) (2 — -l
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Figure 1.9 Schematic of types of splittings encountered in ESCA
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(i) Spin orbit splitting

A doublet is observed in the ESCA spectrum when photo-
ionisation occurs from an orbital with orbital quantum number

(2) greater than ll7

(Z.e. p, @ or £ orbitals). The doublet
is observed due to coupling between the spin ($) and orbital

angular momentum L to vield a total momentum (J):
J = S + L ‘ (1.9)

The doublet occurs because for any value of L, S can
be %, The relative intensities of the component peaks within
the doublet are proportional to the degeneracies of the states,
viz. 2J+1. These intensities are shown in Table 1.3 for s,

p, d, and f orbitals and typical spectra are shown in Figure 1.10.

TABLE 1.3 Spin orbit splitting degeneracies and intensities

Orbital QgggisilNo, Qggiiim‘No, Intensity Ratio
L J = (2 = 8) (20 + 1) : (23 - 1)
s 0 l/2 singlet
P 1 1/2’ 3/2 1 :2
d 2 3/2, 5/2 2 : 3
£ 3 5/2, 7/2 3 : 4

(ii) Electrostatic Splitting

This occurs in a number of spectra e.g. in the 5p3/2 levels

78,79 and is

of uranium and thorium and some compounds of gold,
due to the differential interaction between the internal electro-
static field and the spin states of the core level being in-
vestigated. Such splittings are highly unlikely éven in

appropriately substituted organic polymers on account of their

inherently amorphous structure.
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Figure 1.10 Spin orbit splittings in cls’ ClZp’ Ag3d and

Au4f core levels

(iii) Multiplet splittings

Multiplet splitting occurs in paramagnetic systems and
arises from coupling between unpaired electrons present in the

system and the unpaired core orbital electrons remaining after

80,81 A simple example may be seen in the

9

photoionisation.
spectra of 02, and NO, (see Figure l.,ll).,l For the NO case
greater splitting is observed in the le spectrum than the Ols
spectrum. It may be shown theoretically that the greater the
unpaired spin density on an atom, then the greater the splitting.

Thus the spectra for NO indicate that there most of the unpaired

spin density is on the nitrogen.
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Figure 1.11 Core hole spectra of.NZ, NO and 02_illustrating
multiplet splitting

1.3.4 Signal intensities

(i) Fixed Angle studies

The gquantitative or semi gualitative interpretation of
ESCA peak intensities requires developing a model for predicting
their values from various properties of the photon source, spec-
imen, electron energy analyser and detection system. The

idealised geometry for the ESCA experiment involving a fixed



24

arrangement of analyser and X-ray source is shown in Figure
1.12. Thus X-rays enter the sample at an angle ¢-6 and de-

tected electrons emerge from the sample at an angle 6.

Analyzer

NN Kore

source

Figure 1.12 Sample geometry with respect to the analyser
and photon source

If the photoelectrons are emitted from a depth, d, inside
the sample then the only electrons actually detected will have

travelled a distance d” through the sample, where 4~ remains
d” = dcos s (1.10)

essentially constant so by varying the angle the depth sampled

can be varied. Thus at high angles less depth is sampled, a



point which will be expanded on in Section 1l.3.4.(ii).

For an infinitely thick homogeneous sample the intensity
(Ii) of photoelectrons arising from core level i which have not
undergone any energy loss is given by the differential equation

_ -x/Ai
dr, = FaiNiKie dx (1.11)

where:

F is the X-ray flux

a, is the photoionisation cross section

N, is the number of atoms per unit volume on which the

core level i is localised

k. is a spectrometer factor

Ai is the electron mean free path

x is the depth of photoionisation of core level i.
The integration of this equation is straightforward since for
a homogeneous sample F, o Ni’ ki and Ai are independent

of x. Thus,

-x/A1

I. = fo FaiNikie dx (1.12a)

FuiNikiAi (1.12b)

A fuller explanation of each of the parameters will be given
below:

The X-ray flux, F, is dependent primarily on the power applied
to and the efficiency of the X-ray gun. It is important to
note that the flux may be assumed constant at any depth x
sampled by ESCA since the attenuation of X-rays occurs over a
much greater depth when compared to the electron mean free path.
Refraction of the collimated X-rays in the outermost surface
layers can occur for X-rays nearly parallel to an optically flat
surface causing an increase in signal intensityo82 However

for the instrumentation used in this study this is not applicable.



The photoionisation cross section, as of a core level
is a measure of the probability of the level being ionised by
irradiation of photons of known energy, with the incident
photo ~electron emission angle being favourable for the

electron detection.

as is a function of both the core level, and the incident
photon energy. The radial distribution of photoelectrons is

not uniform and ay is a function of ¢ (see Figure 1.12).

oy is given by23"84

a, = a 70T 1 2
i~ % o/, [1-78, (3cos?s -1)] (1.13)

a.TOT is the total cross section for photoionisation from

i
core level, i, and may be calculated quantum mechanically21’85

or found experimentally.,19 B. is termed the asymmetry para-

i
meter and has also been determined theoretically,86 For con-
ventional spectrometers, where ¢ is kept constant then o, may
be considered ébnstant for particular level. It should be
noted that cross sections for photoionisation of core levels
using conventional X-ray sources for most elements are within
two orders of magnitude of that for the Cls levels.,21 emphas-
ising the sensitivity range for most elements. Using harder
X-ray sources (e.g. TiKae), the cross sections of levels observ-

85

able by conventional sources is decreased by several orders

of magnitude, a point elaborated on in Chapter Three.

The spectrometer factor ki includes contributions due to
detector efficiencies and analyser transmission characteristics,
which are both dependent on the kinetic energy of the core
electrons being analysed, geometric factors such as the solid

angle of acceptance of the analyser. The mean free path,
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Xi’ is defined as the distance through which electrons will
travel before l/e of them have not suffered energy loss.
Chapter Three is a study of the variation of mean free paths
over the kinetic energy range 0-4400 eV using a TiKa source.
The various determinations of mean free paths indicate that
for conventional sources mean free paths vary in proportion to
the square root of kinetic energies for energies greater than
v~100 eV, such that for 1170 eV electrons the mean free path
has a value NZZRﬂ and at 4400 eV about 408. The variation of

mean free paths with kinetic energy is illustrated in Figure 1.13.

The sampling depth is typically taken as the depth from
which 95% of the signal for a given core level originates and
is m3ki° It should be noted that the exponential drop off in
relative signal intensity with depth is exponential such that

67% of the signal derives from a depth A;» and 90% from 2.

The surface sensitivity of ESCA is a consequence of the

very short distances of the mean free path.

The number density, Ni’ is not directly related to the
density of the sample. For similar materials the ESCA signal
for a given core level has been shown to be more intense for

the higher density material.87

The overall stoichiometry of
a material giving signals from core levels i and j may therefore

be written

Nl

I.
= TJ' X  S.F. (1.14)
. .

where S.F, = %2%1%1 is known as the instrumental sensitivity
i7i%i

factor and can be determined experimentally using standard
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Figure 1.13 Variation of experimentally determined mean free
paths for organic compounds

samples of known stoichiometry containing i and j.

When i and j correspond to the same core in different

chemical environments then,

ko, A, = k.ol (1.15)



therefore,

— = = (1.16)

(ii) Angular dependence and Depth profiling

A unique feature of ESCA is the capability to
elaborate features of structure and bonding in vertically in-
homogeneous samples on the tens of Xngstroms scale. There
are two methods by which depth profiling may be achieved, non-
destructively, the first is to investigate signal intensities
of sample levels having differing escape dependencies and the
second is by monitoring intensities as a function of electron

take off angle 6.

To illustrate these two points it is worthwhile to consider
an idealised example of a single homogeneous overlayer of thick-
ness d and a homogeneous substrate which may be considered

infinitely thick as shown in Figure 1.14

e” hy

i iiiiii 1d, overlayer
Jiiiiii
J il subsirate

Figure 1l.14 The substrate overlayer model -
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The intensity of the signal arising from the overlayer
Iz can be obtained by integrating equaticn 1.1l between x = o

and ¥ = d,
-

4/, .
o _ _ 7 7 Xi cess
Ii = FaiNiKiAi (1 e ) (1.17)

The intensity of signal arising from the substrate I? is
similarly given by integration between x = d and X = «,

-4 .
s /X3 cosé
I. = Foa.N.K.\, o .
3 o N KAy e (1.18)

If j=i then it can be clearly seen from these equations‘that

the intensity of the overlayer relative to the substrate in-
creases for larger values of 8, up to 900, 1.e¢. surface features
are enhanced at larger take off angle. Also evident from
equations 1.17 and 1.18 is the dependence of signal intensity

on the mean free path of the core level under study. As
mentioned earlier and as will become clear in Chapter Three
electron mean free paths show a dependence on kinetic energy.

In the region of interest for most ESCA studies 7Z.e. at KE>100 eV
the mean free path increases with kinetic energy. Thus the
atﬁenuation of a signal arising from é core level in a substrate
by ‘an overlayer coverage will depend strongly on the kinetic
energy of the photoelectrons. This may be exploited in tw‘o4ways°
With a single photon source, e.g. MgKa1,2 the same element may
have two core levels with largely differing BE, for example

the Fls and FZS levels. With an MgKal,Z source these levels‘

will have kinetic energies of ~560 eV and 1220 eV, hence the

mean free paths will differ by a substantial proportion.

Thus monitoring of the Fls/F intensity ratio will give
2s
information on the relative vertical homogeneity, with large

values corresponding to greater fluorination at the surface
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(since AFlS = %7gp XFZS = NZOR), and smaller values indicating

lower fluorine content at the absolute surface.

When two photon sources are available such as Mg and

TiKa at 4510 eV the depth profiled may be greatly extended,

1,2
a point which will be further covered in Chapter Three.

1.3.5 Line Widths

One of the major disadvantages of ESCA in comparison
to other spectroscopies is the relatively large linewidth, as
measured by the Full Width at Half Maximum, compared to chemical

18 There are several contributory factors which deter-

shifts.
mine the total observed line width, AEm, summarised in equation

1.19 for Gaussian lineshapes.
(AEm)2 = (AEx)2 + (AE<1)2 + (AEs)2 + (AEss)2 (1.19)

where AEx is the broadening due to thé non-monochromatic nature
of the X-ray source.

AEcl is natural line width of the core level under invest-
igation,

AEs is the effective resolution of the electron analyser

and AEss is the broadening due to solid state effects.

The natural linewidths of the core level under investigation
(AEC1l) and that of the incident radiation (AEx) depend on the

uncertainty principle

AE.At = h/2mW (1.20)
where t is the lifetime of the state and h is Planck'’s constant.
Thus a line width of 1 eV corresponds to a lifetime of approxim-
ately 6;6 X 10—165° Table 1.4 displays some line widths of

core levels derived from X-ray spectroscopic studies: it also

indicates the variation of the natural line widths for the 1s
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TABLE 1.4 Linewidths of core levels

Level S Ar Ti Mn Cu Mo Ag Au
1s 0.35 0.5 0.8 1.05 1.5 5.0 7.5 54
2p3/2 0.10 - 0.25 0.35 0.5 1.7 2.2 4.4

and 2p3/2 levels for various elements and shows that there is
no particular virtue in studying the most tightly bound core
levels, since for example in Au the 54 eV FWHM would swamp any

chemical shift.

The broadening due to AEx and AEC1l is essentially Lorentzian,
although when monochromatisation of the X-ray source is used the
X-ray broadening is Gaussian and also no longer directly depends

on the lifetime of the X-ray fluorescing state.

The broadening:due to spectrometer aberrations AEs is
essentially Gaussian and its value depends on the type of
analyser, the slit widths and the photoelectron energy. Thus
the observed photoelectron spectfum is a convolution of Lorentzian
and Gaussian distributions such that the line shape is predomin-

antly Gaussian with Lorentzian character to the tails.

1.3.6 Line Shape Analysis

The resolution of complex line shapes in ESCA may
be achieved by two methods. The first involves mathematical
manipulation of the raw data to try to unfold or deconvolute
the effects of the instrument function on the observed spectrum,
whilst the second involves curve fitting techniques in either

analogueor digital fashion.

Deconvolution by mathematical methods is usually by

Fourier analysis or iterative procedures such as van Cittert's
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. 88
deconvolution procedure.

These methods rely on a suitable
choice of the instrumental function and experimental data where
the signal to noise ratio is very high. The use of mathematical
deconvolution can bring about an improvement in resolution com-

89 al-

parable to that obtained by the use of a monochromator
though considerable caution must be exercised to prevent the
interpretation of spurious structures as experimentally observed

peaks,90

Curve fitting techniques involve the simulation of the
cbserved core level line shape using a digital or analogue com-
puter. The binding energies, line widths and peak heights of
the component peaks are under close control of the operator.
For polymeric materials it is found that only small errors are
introduced by the use of Gaussian component lineshapes.19

The underlying philosophy behind line shape analysis is best

illustrated in the flow chart in Table 1.5.

1.3.7 Sample Charging

The loss of electrons occurring in a solid due to
the emission of photoelectrons, Auger electrons and secondary
electrons constitutes a net loss of negative charge from the
surface of the material during an ESCA experimenta For con-
ductors in electrical contact with the spectrometer no positive
potential increase occurs due to electron replacement preddmin—
antly by normal conduction processes. Thus the Fermi levels
of the sample and spec trometer remain lined up and energy
referencing presents no problems. In an insulating sample or
a conducting sample not in electrical contact with the spectro-

meter replacement of electrons by straightforward conduction is



General background knowledge of the system to be studied

From model compounds establish (i) binding energies

= (ii) FWHM and line shapes of likely structural features
No solution possible Fit spectral envelope using peak No solution possible from
from existing models height as the primary variable and any reasonable models
T binding energies within limits T
& -
Unique solution Several solutions = Fill in envelope with extra
4 Eliminate any which peaks and vary FWHM within
(i) are not chemically unique limits, of existing peaks
(ii) are not chemically unique
(iii) do not agree with data, not dependent on line shape analysis
Determine peak areas, Determine centroids Approximate No solution available
binding energies of unresolved features solutions from ESCA data

FWHM. Compare with

theoretical models

TABLE 1.5 Schematic of. the peak fitting procedure

PE
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not possible but the build up of positive charge is decreased

97,98 originating either

by the flux of secondary electrons,
from the sample or parts of the spectrometer, at the surface
of the sample. For insulating samples these secondary elect-
rons have been shown to amount typically to 99% of the total

o8 and play an important role in the estab-

photoelectron flux
lishment of an electrical equilibrium a the sample surface, but
in general a small net positive potential occurs. Thus photo-

emitted electrons leaving the surface therefore experience a

net retardation voltage and so the observed KE is

KE = hv - BE - ¢spec - A

where A is the net positive charge of the sample. Charging may
be overcome by increasing the number of low energy electrons in
the sample chamber. A simple method for achieving this is
the use of a low energy electron flood gun.,99 Alternatively
illumination of the sample region with u.v. radiation from a
low pressure, low power mercury lamp p:oduces sufficient low
energy electrons, by direct photoemission from the walls of the
spectrometer, to neutralisé"sample charging.loo

With monochromatised X-ray sources sample charging can be
of the order of 100s of eV, since the absence of Bremsstrahlung
severely decreases the number of low energy secondaries. With
monochromaticsources however it is rarely greater than 20 eV.
The most convenient method of sample referencing when charging
is present is to monitor a suitable reference peak. A correct-
ion factor (Z.e.A) calculated from the observed kinetic energy
of the reference signal is then used to find the binding energies
of the other peaks present. The two most commonly used calib-

ration peaks are the hydrocarbon Cls peak at 285 eV, which may be

either inherent in the sample or arising from hydrocarbon contam-
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ination within the spectrometer, or the Au 4f7/ peak at 84.0 eV
2

if the sample has been deposited on a gold substrated.

The phenomenum of sample charging has often been treated
as a nuisance in ESCA but it has been shown that sample charg-
ing can be of importance as an information level in its own
rig'ht.,lOl For samples studied insulated from the probe tip
under a variety of operating conditions sample charging is
characteristic of the sample and is related to the total photo-
ionisation cross-section. The surface sensitivity of charging
has been demonstrated by monitoring the change in charge shift
as a function of thin film thickness. Changes in surface com-
position of polymers may be monitored by sample charging measure-
ments as was shown by extensive studiesloz“105 on the inert gas
plasma modification of an ethylene-tetrafluoro ethylene copolymer.
The surface defluorination demonstrated by core and valence level
ESCA studies could be monitored also bu the changes in charging,

on going from a surface high in fluorine to an essentially cross

linked surface low in fluorine content.

1.4 ESCA Instrumentation

The majority of the work in this thesis was carried out
on a custom designed Kratos ES 300 electron spectrometer.
Figure 1.15 shows the essential components of an electron
spectrometer and Plate l.l1*is a photograph of the wvacuum
regions of the ES 300 used, with a key to indicate the nature
of the various equipment attached to the spectrometer. It is
worthwhile at this stage to discuss these components in greater

detail, followed by discussion of the essential ESCA equipment.

. o S Gy S - - — > — p—

* see Appendix One
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Figure 1.15 Essential components of an ESCA spectrometer

1.4.1 Components of the ES 3QO used in this thesis

The ES 300 is custom designed to allow a multitude
of Zn situ pretreatments of samples in addition to ESCA analysis.
The spectrometer may be divided into two sections, the sample
analysis chanber and the sample preparation chamber, whose
names are self explanatory and are indicated on the key to

Plates 1l.1. (Appendix One).
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(i) Sample analysis chamber

The sample analysis chamber is 'of tubular design which
allows the attachment of various equipment as well as that
necessary for ESCA analysis. Pumping for>the system is achieved
by independently pumping the source and analyser regions using
electrically driven, turbomolecular pumps of nominal pumping
speeds 350 1 S—1 and 140 1 snl respectively. The base pressure

9torr° There are two fast entry insertion

is typically ~2 x 10
locks on the sample analysis chamber, insertion lock (1) is

the normal mode of entry for solids on a probe whereas lock (2)
allows introduction of volatiles, using a reservoir shaft, for
condensation onto a cocled substrate. Purpose built reaction
chambers may also be attached to the source chamber vZa insertion

lock (1) thus providing great flexibility for in sZtu treatment

of samples.

Plate 1.1 also indicates the position of a differentially
pumped ion gun (Vacuum Generators type AGS) for either cleaning
of metallic samples or treatment of polymers. The ions used

may be mass selected by means of a Wien filter.

There are two X-ray guns, one a Ti/Mg dual anode and the
other an AlKal , source equipped with a monochromator. These
7
and the electron energy analyser will be discussed in greater

detail in Sections 1.4.2 and 1.4.3 respectively.

(ii) Sample Preparation Chamber

The sample preparation chamber allows the <Zn sZtu treatment
of samples with a vacuum system independent of the sample anal-
ysis chamber. Normal sample entry is through insertion lock (3)

with depdsition facilities available vZa insertion locks (4) and



{5). The key to Plate 1.1 indicates the position of the
electron gun (Vacuum Generators type LEG 31) used for the work
described in Chapters Four and Five. U.v. irradiation of
samples is possible through the sapphire window fitted to the
preparation chamber. Once treated the sample may be moved into
the analysis chamber via an inter-connecting insertion port.

The preparation chamber is pumpéd by a 600 1 s—l diffusion

pump, and typical base pressures are lO_lOtorr°

1.4.2 X-ray Sources

The X-ray beam is produced by bombardment of an
anode with high energy electrons. The characteristic X-ray
emission lines thus produced will be superimposed on a contin-
uous background of Bremsstrahlung radiation, as indicated

21 The shape

by the X-ray spectrum of tungsten in Figure 1.16.
of the Bremsstrahlung is governed by the energy of the incident
electrons on the anode, and is independent of anode material.
Increasing Bremstrahlung to characteristic emission decreases
the signal to background in the ESCA spectra'soAthere are
optimum operating conditions in terms of incident electron
energy. For soft X-ray sources, e.g. MgKa (hv = 1253.7 eV)
and AlKa (hv = 1486.6 eV) typical accéleration.voltages which
give excellent signal to background are 12kV and 15kV respect-
ively.

92

Both the dual anode Mg/Ti source and the AlKa

1,2
'X-ray sources on the ES 300 are based on the Henke hidden fila-

ment design.,93

The risk of contamination of the anode material
by evapoérated tungsten from the filament is considerably reduced

by this design since the filament is out of line of sight of
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Figure 1l.16 X-ray spectrum of tungsten

the target. The risk of target contamination from the sample
being investigated is prevented by a thin aluminium window which
isolates the area from the samplep the window also prevents
interference due to electrons from the filament,' EXcitation

of X-rays from the aluminium window is curtailed‘by o§erating

(=]

the filament at near groéund potential and the anode at high
voltage.

The AlKa source is monochromatised using slit

‘ 1,2
filtering and diffraction from the (100) plane of'qﬁartz‘at the
' Bragg‘anglé of 78.3°, The use of dispersion COﬁpensation17 or

'rotating anodes improves the obServed signal intensity;
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1.4.3 Electron Energy Analyser

The analyser on the ES 300 is a hemispherical double
focussing dispersive analyser based on the principle first pro-
posed by Purcell.,94 The analyser is screened from external
magnetic fields by means of two Mu metal shields. For ESCA
studies a resolution of 1 in lO4 is desirable. The resolution
of this form of analyser is given by

g o= Wy

where E is the energy of the electron, R is the mean radius
of the hemispheres and W is the combined width of the entrance

and exit slits.

The resolution may therefore be improved by
(1) reducing thé slit width, which reduces the signal intensity,
(2) increasing the radius of the hemispheres; this increases
engineering costs in manufacture and requires greater
pumping,
(3) retarding the electrons before entry into the analyser.
On the ES 300 a comprémise'is made on the slit Widths to

obtain sufficient signal intensity and the size of the hemi-

spheres so as to keep costs down and prevent mechanical distortion.

Preretardation of the eledtron; is carried out by a lens system
which, as well as decreasing the resolution rgquirements:of the
analyser, also allows theﬁqnélyser to be located at a conven-
ient distance physically from the sémplé chamber. This latter
feature allows maximum flexipility in sample handling and is
especially important in gas phase studies where the gas load
in the analyser is réduced by the greater distance between

sample and analyser.
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Electrons entering the analyser at® the desired kinetic
energy may be focussed at the detector slit by one of two
methods,

(1) scanning the retarding potential applied at the lens
keeping the hemispheres potential constant: <.e. Fixed
Analyser Transmission (FAT) mode,

(2) simultaneously scanning the retarding potential and the
potential between the analyser hemispheres, maintaining
a constant ratio between the two, 7.e. in Fixed Retard-

ation Ratio mode (FRR).

Greater sensitivity is achieved using FAT mode at low
kinetic energies (<500 eV) whereas FRR mode is more sensitive
at higher kinetic energies. Castle has recently published

a comparison of the two m’odeso315

1.4.4 Electron detection and data'a'cqﬁi’sition°

Electrons of pre-éeleéted energy pass from the
analyser.into”an.electron multiplier via the céllector slit;
The ES 300 employs a single‘chapneltron Eléctron multiplier,
which gives an amplification of the signal by a factor of f\:107°
The use of multichannel detectqrs'is.now becoming prevalent in
commercial spéctrometers° The increé§é'ih rate of déta'acquis-

ition afforded by multichannel detection will have a dramatic

effect on the use of ESCA in the future.

In the single detector system on the ES 300 pulses
from the multiplier are preamplified and fed into a rate meter.
Spectra may be generated by two methods,

(i) the continuous scan, where the electrostatic field is
inéreased confinuouély at a known rate from a starting

kinetic energy. The'electrOn”count from the ratemeter
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versus the kinetic energy may be recorded on an X-Y plotter;
(2) the step scan, where the analyser voltage is increased by

preset increments (e.g. 0.1 eV), and at each increment

(a) the counts may be measured for a fixed length of

time, or (b) a fixed number of counts may be timed. The

data so obtained may be stored in a multichannel analyser

or onto floppy disc via a minicomputer.

The ES 300 is now mainly used in the step scan mode, with
data acquisition under the control of a Kratos DS-300 data
system. This system consists of an LS1 11/2 central processor
unit interfaced to the spectrometer with control over excit-
ation source, scan speed and kinetic energy. Data is dumped
onto floppy discs for subsequent manipulation. A display
package allows inspection of the data on disc and various
treatments of the raw data, including background subtraétion,
smoOthiﬁg; peak synthesis, spectra subtraction and addition,

differentiation and so on.

1.5 Sample handling

1.5.1 Solids

Solids may be mounted on the probe tip in several
ways, depending on the form of the sample e.g.for powders press-
ing onto either a soft metal backing, such as lead or indium
or a wire mesh backing. Films or sheets may be clipped or
screwed down onto the probe tip. Thin films may be deposited
on an inert substrate, usually gold, by sublimation or evapor-
ation from a suitable solvent. Alternatively sheet or powdered

samples may be mounted onto double sided adhesive tape. Sample
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charging effects will occur using this method but with suitable

referencing these effects can be compensated for.

The ES 300 probes have facilities for use in the
temperature range-&780C to “v600°C. Cooling is carried out
by pumping liquid nitrogen through the probe and heating is
achieved by resistance heating. Both heating and cooling are
thermostatically controlled, using a thermocouple to monitor
the temperature. The provision of cooling enables solids which
are slightly volatile to be studied. More volatile solids are

usuaily sublimed from a capillary tube onto a cooled probe tip.

1.5.2 Liquids

The handling of liquids and solutions poses partic-
ular problems not encountered with solids or gases,66 Heavy
differential pumping is required to overcome the vapour press-

ures encountered and the liquid sample must be renewed con-

tinuously, particularly if solutions are investigated.

Siegbahn has developed three techniques for the
study of liquids, where samples are studied in the form of

107

submillimetre beams, or as a wetted surface on either a

wire108 or a rotating cone.109

The only technique for studying liquids on commer-
cially available spectrometers involves the injection of the
liquid into a heatable, evacuated reservoir shaft followed by
diffusion of the vapour through a metrosil leak and subsequent
condensation of the vapour onto a cooled gold substrate in
UHV. Under these conditions the saﬁple surface is continually
reviewed thereby reducing contamination and radiation damage

to a minimum.
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1.5.3 Gases

Gas may be studied by confining the gas to a small

volume in the spectrometer by the use of gas cells. Alter-

natively the gas may be studied in the solid phase by conden-

sation onto a cooled substrate. Gas phase studies are not

complicated

19 by processes occurring in solids such as solid

state broadening, inelastic losses and variable work functions,

and so offer simpler comparison with theoretical calculations

and the opportunity to observe shake-up and shake-off structure

at energies further removed from the primary photoionisation

peak.

1.6 General Aspects of ESCA

ESCA is an extremely powerful technique which provides

a large number of information levels from a single experiment.

These may be summarised as follows:

(1)

(2}

(3)

(4)

absolute binding-eﬁergies, relative peak intenéities'shifts
in binding energies. Elemental mapping fbr.Solids‘analyt-
ical depth profiling, identification of structural featuresp
ete. Short range effects directly, longer range indirectly;
shake-up-shake-off satellites. ‘Monopqle‘excitéd states,
energy separation With respe¢£ to dirédt phétoioniéation
peaks and relative intensities of components of sinélet

and triplet origin. Short and longer range effects
directly. (Analogue of U.V,):

multipiet effects. For paramagnetic systems, spin-state,

distribution of unpaired electrons (analogue of e.s.r.):

Valence eﬁergy levels,}longér range effects directlys



(5) angular dependent studies. For solids with fixed arrange-
ment of analyser and X-ray source, varying take off angle
between sample and analyser provides means of different-
iating surface from subsurface and bulk effects. For
gases with variable angle between analyser and X-ray source,
angular dependence of cross sections, asymmetry parameter

B, symmetries of levels.

The wealth of information available from ESCA as outlined
above is coupled with some general advantages of the technique.
The sample requirements are minimal, the technique being éap—
able of studying gases, liquids or solids with sample sizes
being ~1 mg. of solid, 0.1yl of liquid and ~0.5 cm3 of gas
(at STP). Theése represent convenient sizes for sample hand-
ling, the technique has the sensitivity of detecting fractional
monolayer coverage. Samples studied do not requirg elaborate
preparation and may therefore be studied iﬁ theif wquing envir-
onment. This has been found to be especially advantageous when
ESCA is useduin a 'trouble shooting’ role. In the majority of
caseskéampié‘damage is minimal since the X—ray flux is small
(0.1 millirad sec—l)° ESCA may be used to study any element in
the periodic table with the exception of-hydrogenmand‘heliumf
This is in contrast to, for example, n.m.r. and n.q.r. whose
application is dependent on the spin prbperties of the‘micléus°
A unique capability of ESCA is the ability to‘perform non-
destructive analytical depth profiling enabling differentiation
between surface, subsurface and bulk phenomena. Where depth
profiling indicates homogeneity of the sample, data obtained
from ESCA is often complementary for that obtained by other

techniques.,
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Information obtained from ESCA is directly related to
the molecular structure and bonding. Investigation of the
valence and core levels of the molecule enables.  a thorough
investigation of the electronic structure of the molecule.
This has enabled a thorough understanding of processes occurr-
ing from a theoretical basis, and full advantage of the tech-

nique often requires a high level of theoretical competence.

The advantages listed above however should be compared
with some disadvantages of the technique. The major drawback
is the relatively poor overall chemical shift to linewidth ratio
for core levels as a function of chemical environment. For

example, for the C levels the differences observed in binding

is
energies between sp3y sp2 and sp hybridised species is virtually
swamped by the linewidth using a non-monochromatized photon
source whereas in 13C n.m.r. the shift linewidth ratio would

be '\»103° Although the depth resolution in ESCA is excellent
over the range O to ~120 2” the lateral resolution is poor,

with an area of ~0.3 cm2 normally being sampled. The use of
finely focuss?d X-rays in chjuncﬁion with“mpltidetector,systems
will:undoﬁbtedly improve this, but for the spectrometer used

in this thesis the spatial resolution is poor. The surface
sensitivity of the technique does have the drawback when inform-
ation about the bulk structure of a material is required but

the surface differs from the bulk. However sectioning of the

sample can overcome this problem and in situ fracture stages

are now available commercially.

The vacuum system of an ESCA instrument, like any vacuum
system, does require cautious attention. For clean metal sur-

face studiés the vacuum requirements are generally better than
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e . ~ A
ic ., Since monolaver oxygen ccverage of a metal occurs over

a very small time scale at higher pressures. For polymers the
sticking coefficients are generally far lower, and lO-8T is

an acceptable working pressure. The use of vacuum interlocks
is therefore feasible and these allow sample introduction and
withdrawal over a matter of minutes.

The overall costs of ESCA instrumentation are comparable
to a 13C n.m.r. or standard mass spectrometer. The trend at
present is to have multi-purpose surface science instruments
which are capable of multiphoton XPS, ISS, SIMS, ACS and
scanning auger microprobe analysis of samples where suitable.

These systems are usually under minicomputer control and offer

great flexibility in surface analysis.
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2.1 Introduction

This'chapter introduces some of the processes involved
in the bombardment of a solid by a beam of low energy elect-
rons. The study of electron beam interactions with organic
materials in particular originates from several sources.
Technologically high energy ionising radiation has been a
mode of polymer modification for over 30 years now, and
although there is an extensive literature on the study of
radiation effects in polymers it is true to say that progress
in the elucidation of the fundamental processes involved has
been slow and thét many of the conclusions drawn.from scattered
experiméntal data over twenty years ago are just as valid today.
The use of lower energy electron beams as tools in micro-
electronic device manufacture had been advanced twenty-five
years ago. With the development in electron beam fesists
technological intere§t;in_the‘physicsof electron beam damage
is widespread. However investigation of chemical processes
involved have.beeq somewhat neglected. |

‘"The degradation pf organic materials, particu;arly_bio—
organic'matérials by eiectfon beams has been of considerable
interest to electron microscopists, although the chenical
interactioné have been neglected to some extent. -Finally
processes occurring during the electron beam excited acquis~
ition of Auger spectra are of growing interest, with the pro-
blems of sample damage now being dealt with in a systemised

fashion.



2.2 Fundamental aspects of low energy electron beam
interactions with molecules: and solids

2.2.1 Characteristic structure of an electron
energy distribution

Some idea of the number of processes occurring
on exposure of a solid to an electron beam may be ascertained
by investigation of the energy distribution of electrons
leaving a solid surface during bombardment by a primary beam
of electrons. Such a distribution is shown in Figure 2.1(a)
for bombardment of 1 keV and 1.25 keV electrons on Gallium

PhosphidelM%lus the electronically differentiated secondary

110

electron distributions in Fig. 2.1 (b). It should be noted

‘True’
Secondary

Elastic
"peaks

0 20 600 1000

Secondary electron
energy/sy

Figure 2.1(a) Secondary ‘emission spectra from GaP for
‘ primary electron energles 1. 25 keV and 1.0 keV
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Figure 2.1(b) Electronically differentiated secondary
‘ o emission spectra from GaP at primary
electron energies '1.25 keV.and 1.0 keV

that thevdistribution shown in Fig. 2.l(a) is such that the
intensity at the lower kinetic energy end is strongly attenuated.
However, Fig. 2.l(a) reveals that the most cohspicuou$ feéture
is the‘elastic peak at the primary energy which cd;respondsfto
those electrons which have not lost any energy ana havevsimply
elastically rebounded from an ion core. These electrons cause
little, if any, damage to‘the surface directly although tﬁe

phonon energy imparted by them can cause heating at high doses.
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It can be seen from Fig.2.1 that there are peaks whose
absolute energy wvaries with Ep, the primary electron energy,
but remain constantly shifted in energy from EP' These are
discrete energy loss peaks and can be classified under two

headings, (i) Plasmon Loss Peaks and (ii) Ionisation Loss Peaks.

(i) Plasmqn Loss Peaks

The movement of an electron through a solid causes
a perturbation of the potential which normally influences the
valence band electrons. The valence electrons respond to
this change in potential by collectively oscillating at the
so~called plasmon frequency, which corresponds to the point
at which the dielectric function is a minimum and the system
responds with a polarisation equal in magnitude but opposite
in sign to the field applied by the primary electron. There
is a finite probability that the primary electron will lose an
amount of energy since the response is moderately long-lived
compared to the primary electron transit time. Since the
valence electrons respond most strongly at the plésmoqkrequency
then the energy loss is equal to the plasmon energy given by

equation 2.1.

%wb = %(4ﬂne2/Me)% egn. 2.1

where n is the electron density, e is the electron charge,

and Mé the electron mass

Plasmon excitations are a collective response and
so correspond to a "classical" free electron gas model. In
polymers plasmon peaks are also observed in, for example,

ESCAlll and Electron Energy Loss Spectroscopy (EELS),]'12
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Plasmon loss peaks in electron spectroscopics exhibit further
structure due to surface and bulk excitations, where the sur-
face plasmon frequency is %5 that of the bulk plasmon. Also
present in the EELS spectra of polymeric systems are peaks
which may be adequately described within a one electron model,
namely excitations of a single electron to an unoccupied level.
Thus for polystyrene m»n* peaks are clearly observed, and
excitations of deeper lying levels, e.g. 6+6% etc. are also
present, but obscured by the collective plasmon excitation

peaks.,113

(ii) Ionisation Losses

Ionisation of either a core or valence electron
will cause the primary electron to lose some of its initial
energy. 'For a primary energy EP and binding energy of the
level which Has been ionisedvEB the final state of the system
following ionisation Wiil contain an ion of energy DB and two
electrons thsé iinétic energy is Ep-Eq in total. This energy
may be partitioned in any between the two electrons, with an
extreme leaving one electron at the Fermi level and the other
with energy EP—EB° Thus the electron distribution measured
contains loss 'peaks' in the region O-EP-‘EB and are so blurred
that electronic manipulation of the spectfum, by differentiation

can reveal the ionisation loss peak at EP—EB°

Peaks in Figs.2.l1 which are independent of the primary
electron energy are due to processes which happen over a time
scale long ehough that they essentially lose ‘memory' of the
primary event. These peaks may be separated into two groups:
(i) those arising from Auger processes and (ii) those due to

"true' secondary electrons.
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(iii) BAuger Electrons

Auger peaks may be observed in Fig.2.l(a) as slight
features residing on a very large background. As mentioned
in Chapter One Auger electrons are a result of de-excitation
of a core hole state by an electron in a higher level £illing
the core hole and a concomitant elimination of an electron
from an upper level. The process of Auger emission is slow
compared to the primary ionisation process and so the Auger
electrons have energies independent of the primary ele¢tron
energy. The Auger peaké observed in Figs.2.1l(a) and 2.1(b)
are due to electrons which have not undergone any energy loss
after the Auger event. Unobservable Auger electrons which
have undergone energy losses will make up part of thevback—
ground in the kinetic energy range O—EjA where EA is the kinetic
energy of the Auger electron. Enhancement of the Augér signal
by electronic differentiation of the electron distributiqn

was first carried out by H-arris114 in 1968 after Landerlls and

Hagstrum116 had pointed out the presence of Auger peaké iﬁ
electron and ion excited secondary,electr0n4distributigns,.
respectively.

Shortly after Harris's achievement Weber and-Peria117

showed that LEED systems,could provide suitable electron
detection for derivative Auger analysis. With the‘development
of the cylindrical mirror analyser system118 a real upturn in
Auger electron spectroscopy occurred. Although mainly used
for elemental analysis in 1971 the possibility of obtaining

information on a molecular level from Aes was.demonstr‘a'ted,119

Further indications of the potential of moledular

Augef spectroscopy particularly for organic systems have come




from the work at the Sandia Laboratories in the U.S.A., which
has beén the subject of several recent reviewsm130’18]‘:"’186’]'87
The Auger lineshape obtained is in principle sensitive to the
local electronic environment since the initial core hole is
spatially localised. Thus for core-valence wvalence (KVV)
transitions the Auger lineshape should reveal general “finger-—
print" structures containing information about the local
symmetry and hybridisation of the atom with the initial core

187

h_ole° This has been illustrated in the series of alkanes

from methane up to n-hexane where general features corresponding
to an sp3 hybridised system can be deduced (Fig. 202).,188

Using methane as a model system it can be deduced that the

large main peak at V250 eV is due to two final hole states in

2p type molecular orbitals, those at 230 eV are due to a

double hole in the 2s levels and features in between correspond
to one hole in a 2s and one hole in a 2p level. The complexity
of‘the Auger proceés ﬁoweverAmékes complete theoretical énalysis
of more complex systems infeasibie since the number of Auger
transitions in a system w;thrN filled valence-orbipals is N2
(élﬁhough.somefméj 1ea&btordéqenefate final étaieé)n» vThhé-in
methane (4 valence levels) a maximum of 16 Auger transitions

are possible but in n-hexane (19 filled Valence-levels) the
possible 361 Auger state#WOuld preclude a treatment based on,
say, ASCF methods. However general features may be dealt with
semi;quantitatively using several thecretical models. The
sensitivity of Auger lineshapes to hybridisation may be amply
demonstrated by comparison of the spectra obtained for methane,
ethylene and acetylene shown in Fig. 2.3. It is worth-
while contrasting the difference with the similarities obtained
ﬁor,thglcorevhole EéCA spectra of these molecules which do ndt

“significantly change in position and the only difference will

E -
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Figure 2.2 C KVV Auger spectra of a series of gaseous alkanes
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be the change in the features due to shake-up transitions.

The lack of any significant shift in the series of
alkane spectra implies that the relative coulomb interaction
between the final state holes, Ueff remains the same, since
the KE of the Auger electrons is given by the relationship

187

KE = 1I_-1I.-1 _Ueff

c j k

where the It are the valence (j,k) and core (c) are electron
energies. Thus the pair of holes is confined or localised

to approximately the same spatial extent in the alkanes as in

168 The same behaviour is shown by polyethylene189

190

methane.

and the cycloalkanes whereas the Auger spectrum of benzene

indicatesl87 that spectral contributions arising from the o
backbone structure are essentially the same as ethylene, Z.e.

a localised final z hole whereas those from the 7m system indicate
the double hole is delocalised. Such delocalisation in the
upper valence orbitals of the higher alkanes are shown by

subtle differences in the high energy regions of the spéctra

in Fig. 2.2.

‘The relative intensities of transitions .within'a
KUV envelope can also give information on the féiati&e electron
density of -an orbital on an atom. Thus the nitrogen carbon
KVV spectra of me“l:hylc:yan:i:.dgal87 when shifted tobthé same relative
energy scale show transitions of the same relative enerqy but
differing intensities (Fig. 2.4). The dramatic difference |
is the extra peak in the carbon KVV spectrum which ié due to
a t;ansition involving final holes in the methyl group which

has little density on the nitrogen atom. This effect is seen,

but to a lesser extent, in most heteroatomic mole;ulesh
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Figure 2.4 N KVV and C KVV Auger spectra of
methyl cyanlde (CH: CN) '

Solid phase Auger spectra are COmplica+ed.by broaden-
ing, background and energy loss processes but w1th sufficient
data manlpulatlon these effects can be reduced to give spectra
of sufficient integrity to compare with calculated or measured
electronic structureso185 186 Thus flngerprlnt spectra of
several condensed phase organic compounds and polymers have
been published. However the extreme complexity of thefKVV

spectra of polyethylene189 and poly(methylene oxide)189

‘makes
direct interpretation of features present in the Auger line-
shapes very difficult. An interesting approach has been used
by Gaaren‘stroom191 for the interpretation of the C KWV spectra

of a series of n-alkyl .meth:/acrylates, based on factor analysis



of the Fourier transformed spectra. Gaarenstroom found
that reasonable correlation could be found between the con-
tributions from alkane chain and methacrylate components

with the expected values from the structure of the polymers.

(iv) 'True' secondary electrons

The electrons found at the low energy end of the
secondary electron distribution constitute the majority of
the current leaving the sample during bombardment,llo Electrons
of 100 eV kinetic energy or less result from pair production
cascade processes in which the primary beam e..cites electrons
from the valence band which, in turn, may have enough energy
to excite other valence band electrons and so on. The net
effect is to build up an energy distribution in the solid of
slow electrons which has its peak below the vacuum level.

The oSbserved secondary eléétron distribdﬁion is a dohvoluéion
of this internal energy distribution~énd an escape fUnctién
which is dependent mainly on electron energy and depth below
the surface. | | | o

120

Secondary emission was first observed in 1902 and

since that time the phenomenon has been extensively‘ihGestigated

121,122,123 o gocondary

for a whole range of materials.
electron yield 6 is defined as

§ = IS _ Ds

Ip np

where Is and Ip are the respective secondary electron and
primary electron currents and ns,np are the numbers of secondary

and primary electrons.

Several theories have been developed to explain the



secondary vield versus primary energy curves obtained,

examples of which are shown in Fig. 2.,5°122 It can be

seen that the yield increases from OeV primary energy, reaches
a maximum value and then gradually decreases. For metals
and semiconductors the maximum yield is typically between

0.5 and 108,122 for insulators values of over 20 have been

reported. Polymers have maximum yields at V250 eV which 124,125

have values between 1.7 and 2.5.

167 Pt
t21 Sn
&
0-8T
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1 N I I |
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Primary EnergyleV

Figure 2.5 Variation of the secondary electron yield, §,
with primary électron -energy

Semiempirical secondary electron emission theory
is based on the assumption that the secondary yield § as a
function of the energy Eo of the incident primaries may be

written in the form126

§ = J[n(x,Eo)f(x)dx egn. 2.2

where n(x,Eo0)dx represents the average number of secondaries

produced per incident primary in a layer thickness dx, at a



depth x below the surface; f(x) represents the probability
of escape of the secondary electron. f(x) may be assumed
to follow an exponential absorption law, viz.

f(x) = Be_ax‘ egn. 2.3

and n(x,Eo) is proportional to the average energy loss per

unit path length, E%?, per incident primary.

-Oox

Thus § = —(B/E)f(gg) dx egn. 2.4

Equation 2.4 does not take any account of the energy dist-
ribution of secondaries, and the escape function is assumed
to be exponential, with suitable choice of the form of the

-

. . akb .
primary loss function, =—, good agreement between experiment

dx
and theory is found in the case of'polymers.124

It should be emphasised that the secondary emission
distribution is not the same as the secondary electron dist-
ribution in the solid, since the probability of éscape for
lower energy electrons, espeéially thoSe:between the‘Fermi
level and the vacuum level of the solid-is very ;ow° Howéﬁer

there is a very large number of these electrons, as is/illust-
g ’ ’ l lo ' : ! [N, -

rates in Fig. 2.6, and a significant proportion of théf<‘"

effects of electron beam irradiation is due to these eléctr6h§13:$~!

In a conductor these electrons would occupy a conduction‘band ' .
and cause minimal damage. In an insulator however SuChﬂlQW'Q‘a_v'
energy electrons have favourable cross sections for excitation .-

and attachment, points which wiilrbe discussed later.
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Figure 2.6 Schematic of the variation of -escape. probability,
internal.electron energy distribution. and its
convolutive .effect on the observed: secondary
:electron em1531on dlstrlbutlon :

2.2.2 Electronic_processes occurring in-electrOanmbanﬁent

(i) Introduction

Section 2 briefly detailed the form of the energy

distribution of'electrbns leaving a sar’nple° The features

,observed in such a distribution give an indication of the pro-
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cesses occurring in a solid. It is worthwhile to take a

closer look at these processes in the light of the discussion

in Section 2.2.1. Ionisation and excitation are apparent

from the secondary distribution. The large number of slow
electrons will undoubtedly cause some degree of electron attach-
ment to occur. Excited, ionised or attached species will

cause chemical changes in the irradiated material and in the
remainder of this section a discussion will be presented on

the three processes.

(ii) Ionisation by electron impact

Electrons with energy greater than the binding
energy of a bound electron have a finite probability of
causing ionisation of the bound electron. The cross sections
of ionisation by électron impact ar? not fully tabulated al-
though Gryzinski127 has derived a semiempirical relation for
the cross section relating the binding energy of a level with
the incident electron energy, as shown in egn. 205'

o [N-—x 6:56 x 10718

x+1

1 [x—l] {1+%(l-£;)1n(2,7+(xél)%}‘
B.E.?

egn. 2.5

incident electron energy
B.E.

where x =

Figure 2.7 shows the variation of this cross section fof
electron energies 0+2500eV of legeLs correspondihg to the

Carbon ls (BE=285), thé fluorine 1s (BE=690) and a level with
BE=20, Z.e. corresponding to the middle of typical valence bands.
It can clearly be seen from Fig. 2.7 that the cross section is
and Fls

ionisation, by a factor of N102—103° Valence level excitation

~ substantially larger for the 20eV level compared to CIs

‘is,therefore significantly favoured, especially since a large
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proportion of secondary electrons are at energies below the
core level binding energies. Ionisation by low energy elect-
rons is, of course, the means of ion production in conventional
mass spectroscopy, and there is growing interest in the use

of electron beams for the generation of ions at surface5128”129
in order to perform analogous analysis to that obtained from
Secondary Ion Mass Spectrometry utilising the Electron Stimul-
ated Desorption (ESD) process. It is also worth pointing

out at this stage that core ercitation by soft X-rays @'gJ@ka )

1,2
has about the same order of magnitude cross section as electron

‘excitation,l3o although valence ionisation is considerably less
probable in the photon case. In metals ionised species are
quickly neutralised by free conduction electrons, however in
insulators no such neutralisation is possible and the system

may eliminate a positive ion accompanied by rearrangement or

crosslinking.

(iii) Excitation by electrons

Excitation induced by light is a resqlt of the
radiation%;eléctromagnetié field on the molecular electrons.
Analogously the force induced on molecular electrons by an
incident electron of relatively high energy is of similar
electromagnetic origin, mainly as a result of coulombic intgr—.
action between these electrons. The selection rﬁlesfwill be
analogous to those for optical excitations because of the

134

similarity of the processes involved. However when the

incident electron is of relatively low energy, of the order of
a few tens of electron volts, then exchange interactions

between the incident and molecular electrons can occurolBS




The result is an electronic transition in which the spin
angular momentum changes by one, so that if the initial state
is a singlet then the final state will be a triplet as a result
of spin exchange. The cross section for such a process is
still lower than for an optically allowed excitation, but by

2 132

a factor of typically 10~ compared to a factor of 107°

observed in optical excitation.

Studies of electron induced excitation of molecules

131,132 The most

have been carried out using several methods.
adaptable technique involves measurement of the energies of
an initially constant energy electron beam scattered by the
material under study and is known as Electron Energy Loss
Spectroscopy. The excitation cross sections are found to

follow the Born approximation131 for higher energy (v200eV)

bombardment, v<z. for optically allowed transitions
1
-nEP
o a E
P

and for disallowed transitions

g o l/EP

Thus the cross sections falls 6ff faster in the disallowed
case. ‘Measurement of absolute cross sections of molecules
by EELS is rare, but theoretically determined cross sections

36 are shown in Fig. 2.8. As

for various states of benzenel
can be seen from Fig. 2.8 the triplet excitations cross sections
fall faster than those for the singlet with increasing incident
electron energy. The electron energy region where the cross

section is highest for all states considered is from 5 to 1l0eV,

1.e. at energies where there is a large secondary electron

distribution in a solid bombarded by an electron beam.




Electron energy
eV |

Figure 2.8 Excitation cross sections for various final states
in benzene over' the. electron energy:range 0-100eV
(The dotted lines are optically forbidden)

It is also worthwhile to .compare the data in Fig.2°8
with Fig.2.7. The cross sections for”ibnisationwfdrm a level
of BE=20eV is seen to be of the same order of magnitude as

excitation to the 'E, state in benzéne for electrons in the

u
energy range 0-100eV. Electron impact ionisation c:oSs sections

137

calculated for benzene by Seu and Basu also indicate that m

electron ionisation cross sections are within the same order of

magnitude as excitation.

EELS studies of polymer films have been performed

138-142 qenerally using higher energy elect-

~ rons. Earlier inﬁéstigationsl38

by several workers,

were hampered by electron




beam induced damage and contamination of the samples but
recent studies have shown that with suitable controi of the

beam effects data obtained from EELS can be complementary with

139,140 Also evident in the

o 9

results of optical experiments.

EELS spectra of poly(methylmethacrylate)14 poly(stylrene)l3

9 are core electron excitations to

and poly(vinylpyridine)13
unfilled molecular orbitals, although the relative intensities

of the exciton spectra are not reported.

(iv) Electron Attachment

Negative ions of atoms or molecules may be generally
considered to have been formed when the incoming electron is
associated with the atom or molecule for a time longer than the
transit time of the electron. Electron attachment to numerous
molecules has been studiéd exténsively by Christophorou and
co—worker5143 using very low energy (0-10eV) electrons, with
particular emphasis on benzene and the benzene derivatives.

The lifetimes of negative ions formed by electron
attachment can vary from 10 1°s té greater than 10f65013;
Thé-traﬁsient moiééuié? ion can decay through one of three

competing processes:

(a) Autoionization

-t * -
Ax + e » AX + Ax(or AxX ) + e

(b) Dissociative detachment

- ‘ * -
Ax + e + Ax + A{or A ) + x

(c) Radiative or collisionally stabilisation

- -% -
Ax + e -» AxX + Ax + energy

Electron attachment cross sections have been reported

144

forihexafludfbben2ene and benzenel45 for the latter molecule
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14 , ] e .
cm) is seen at electron energies

a very large value (v10~
close to 0OeV. The attachment cross section for benzene over
a limited energy range is shown in Fig. 2.9 which corresponds

to the attached electron occupying the highest virtual «

orbital.

Ke2) [e]

CROSS SECTION (1015 ¢m?)
-~

N

% 5 3
ELECTRON ENERGY/ev

- Figure 2.9 Cross sections for electron attachmentit§ Eén2éﬁe

It can be seen from Fig. 2.9 that the cross sections are

larger than cross sections found for ionisation and excitation,
but the electron attachment croés section does fall”off,dram;
atically outside of a small energy range. Croés sections for
dissociative electron attachment have also been reported by
Christophorou and coworkers for a series of halobenzenes,39
as shown in Fig. 2.10. The absolute values are similar to
Valués fouhd for ionisation and excitation, the major difference

agaiﬁ being that the dissociative attachment c¢ross sections
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N
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h

Attachmentcross section(l O=ﬂ5cm2)

o

0 05 53
Electmnenergy/ev

Flgure 2 10 Cross sections for electron attachment for
perfluorobenzene . .

are’ 51gn1f1cant over a very small electron energy tange 1n
which. exc1tatlon and 1onlsa_10n are. non p0551bleaf Detach—'
ment will be thermodynamically favoured even for attachment
by 0eV electrons if the electronvaffinity of the halogen?is
-greater than the bond dissociation energy of the halogen

substltuent°l3l

2.2.3 Primary damage processes resulting from: exeltation,
1onlsatlon and electron attachment ) S

(i) Electron_StimulatedeeSbrptibnT(ESD)

“ESp'ﬁasxa te;m,original;y aPQiiéd'ngaéﬁorPinQf¢f'g.
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adsorbed molecules on surfaces under the action of an

146 but is now generally applied to desorption

electron beam
of ions or neutral fragments from ionic and covalent surfaces

undergoing electron irradiation.

Ionic desorption from the surface is usually discussed
in the context of two different models. In the Menzel-Gauer-

147,148

Redhead (MGR) model the initiating process to desorption

is valence ionisation or excitation. The Knotek—Feibelmanl48
model indicates that core ionisation by the impinging electron
beam is a primary process. It is worthwhile to discuss these
models in somewhat greater detail. The MGR model assumes
that the primary event is a Frank-Condon excitation or ionis-
ationlto a repulsive neutral or ionic state, therefore leaving
a one hole-one electron state and a one hole excited state
réspectively° The repulsive nature of the states formgd
causes dissociation or desorption of the spgcies involved.
Evidence for the MGR model is supplied by the observation of
‘desorption thresholds in the valence regiOnlég and by .the domin-
ance of the neutral yield over the ion yield, with neutrals
contributing 95% of the total yield in some case_s.,lzl9

The Xnotek=Feibelmann mode—l,148 which-is- particularly -

applicable to highly ionic, Z.e. maximal valenéy, syétems,
invol?es initial ionisation of a core level follgng‘by Auger
decay of the core hole to a state containing at least tWo holes.
The expulsion of a positive ion takes place from the effective
reversal of the Madeluhg potential. The so-called 'Coulomb

explosion'-l51

is an extreme example of such a process. In
methyl iodide, for example, ionisation of a deep lying core
léyelﬂdf the iodine atom causes a multiple Auger Véééncy cascade

‘_Ebﬁbédgi;féﬁd,Wﬁéﬂ‘tbg,vabancies reach the~vagéh§éféﬁéli°gléCt—
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rons are transferred frcom the other atoms leaving a collection
of multiply charged ions in close proximity to each other.

The ions then recoil from one another due to the Coulombic
repulsion, gaining considerable recoil energy. This process

132,153 .na for methyl iodide the

has been studied experimentally
results indicated the process occurring could be sumrmarised
as in eq. 2.6

7 ) -
CH,I + hv —D 147 L2t 43t 4 9.7e eqn. 2.6

Recent work has shown that the KF and MGR mechanisms
may both be operable to some extent in certain systems.154
ESD of molecule ions from155 condensed phase neopentane,
methylsilane and other branched alkanes suggest that multi-
electron, or rather 'multihole® states may be involved in the
dissociation of large molecules. Thus in a comparison 6f
threshold energies for production of H+ from alkanes and Fr
fron fluoroal‘k’anes,156 in the latter case ionisationﬁof the CZs
levels was close to the thresholds Cbtaiﬁéé,.Qhéréa5~for rt
a threshold at %40éV eléctron_energy céfreépondiné to F, ionis-
ation (when a wq;k function cqrregtioniﬁqr’tpe ipgdmipg~gi§éﬁr0n
is appliéa),/“ §§;ioni¢ desggéﬁién.§f7agiﬂiQnSWWaé,bbsérvedfin
nthe»regionwappropriate to sz or C2p ibnisation thus the
mechanism of ionic desorption was‘attributéd.to initial dEep‘
valence ioni§atibn followed by decay of this state té multi

s ‘ 155:7156 . A .
hole upper valence states: Increased yields were also

observed at 55%V;56 electron energies, and this was again taken

as being indicative of the role of multiply ionised/excited
156,155

states in desorption processes.
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(iZ) Electren Stimulatéd Adsorption (ESA)

Electron stimulated adsorption is usually caused by
electronic excitation and/or dissociation of a molecule in
the gas phase above the surface, or 0of a molecule weakly bound
to a surface. Interaction of the electronically excited
molecule or atom with the surface can lead to adsorption and

surface reaction.

This process is the first step in the polymerisation
of residual pump o0il vapours on surfaces and has been observed
in electron microscopy investigations since the 1930s. The
introduction to Chapter Five of this thesis contains a thorough

review of such 'polymerisation’ processes.

In electron excited Auger electron spectroscopy
electron stimulated adsorption has been observed on various

ll"-’-;’chlefly clean metals and silicon, where enhanced

substrates
reactlon and adsorptlon is observed during s*multaneous electron
irradiation and gas exposure, and are dealt w1th in the next

section.

{iit)- Beam,effects~obéerved»in;Auger-electronvspectrOSCoQX

ESD and ESA are frequently observed in RAes studies
of inorganic and semiconducting materials. The subject has
recently been reviewed by Pantano and~Madey,157 who define a
damage threshold as being the dose‘required to cause a lQ%
change in concentration of the perticular system investigated.
Most inoxrganic and erganic solids are found to exhibit critical
doses in the range 10 4—lO C/cmz,157 which corresponds to a |

0.5UA beam, .5mm in diameter exposure time of between .4 and




40s. There have to date been few reports of solid phase
electron excited Aes studies of polymers and organic materials,
mainly as a result of the expected high degree of beam damage,
and charging of the polymer giving poor peak resolution. One
exception is the Aes study of condensed multilayers of

158

o, where detectable changes in the

(CH O, CH,OH and H

3)2 3 2

Auger and ESCA lineshapes were observed after a dose of only

5 x lO_4C/cm2° Water and hydrocarbons were found in the

irradiated system by thermal desorption spectroscopy and these

were assumed to have been formed in the irradiation process.
Charging of insulators in Aes can cause migration

of mobile ions present in the surface regiom157 When the

secondary electron yield is greater than.unity a positive charge

develops on the surface of the sample. Localised accumul-

ation of elgCtrons in the,subsurface can also resqlt in a deeper

net negative change. The resultant electric field can cause ”

migration of anions to the surface and cations to the subst:ur:'face,,lS"f

~as shown in Fig.2.11. A final effect observed in Aes is due

R e A élh\/e SUHCLC@
- paential, 61

e
Hons
— === —- terminal region

- of

Incident electrons

N
L

Fig. 2.11 Charge_induced‘migration.of‘ions
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160

t#beam heating. When finely focussed, high current

electron beams are used temperatures higher than 500°C can

occur in insulators. For a current density of lmA/cm2

161 For the

temperatures of ~250°C have been reported.
typical current densities used in this thesis heating may be

assumed to be negligible however.

2.3 Pathlengths of Electrons

Although the mean free path of, for example, 2keV
electrons is approximately 302, the total pathlength for
a 2keV electron in a solid can be significantly larger, de-

pending on the inelastic scattering events which occur.

Bethe162 derived a continuous loss relationship which con-
siders pathlength, %g is given by
dE _ .-Zwé4NAV Eg In(1.166E_/J) ean. 2.7
dx AE an. <.

m
where e; Npys
electron energy and J is the mean ionisation energy of the

Z, P have their usual meanings, E_ is the

material.

The range of the electron is therefore:given by

R = J~ 1 dE

—m——— eqno 2 08
E=E dE/dx .
o}
which for 5keV electrons in aluminium gives a value of

163

56008. This represents a straight line range where no

elastic scattering has occurred and overestimaﬁesumakihUm

164

valués obtained by SEM by about 15%. The carcuiation of

range includihg the effects of elastic and inelastic scattering




is complex although Kanaya and Okayanal65 have derived an

expression which is closer to the actual depth an electron

cgn penetrate:

1.67

R = 0.0276 AE™" 889

/Z° pum eqn. 2.9

This gives a corresponding value of 41008 for S5keV

electrons in aluminium.

In a number of recent publications Ashley and coworkers

have calculated stopping powers, 166-169

S = 1 dE egn. 2.10

p dx
for several organic and polymeric materials taking account

of valence electron interactions using a model insulator theory
and K shell interactions from atomic, general oscillator
strengths. For polystyrene the ranges for electrons from

' 167

10eV to 10keV are plotted in Fig.2.12. The great differ-

ence between the mean free path and the path length can be

10! 102 103 10
Electron energyl/ey

Figure 2.12 Path ranges for 10-10000 eV _electrons in
polystyrene as calculated by Ashley '




justified in terms of the Gryzinski cross s‘ect-ionslz7 mentioned

in Section 2.2.2. Valence ionisation by, say a 2keV
electron is distinctly more probable than core ionisation so
that the energy loss for each collision will be "20eV rather

than energies corresponding to core binding energies.

2.4 Electron Interactions with Polymers

2.4.1 Introduction

Although the use of low energy (2kV to 10kV)
electron beams for polymer treatment is of increasing technol-
ogical importance in the realm of electroni¢ device manufacture
there are very few examples in the literature of'investigations
of the chemical effects of the process. One reason for this
absence 6f déta is the nature of the treatmeﬁt Qrpcéss which
could typiéallY*be~exbected to modify the top SOQOR of‘g sample
hence'renderéngmbulk-§ens;tivevanalytical tgghpigue§ﬁinseqsitiye,
However-£hefearlY~£re;£méﬁtshof polymers'by»high;enéréy:ioniéj
ing radiations had been extensively studied in the 19509170"171
and it is worthwhile to briefly discuss theamaiﬁ concldéions
reached from these studies cOncerning mechanism§~pf mééification,
The radiation damage to organic compbunds is aﬂaefféct;;ot so
much of the incident radiations, iae.‘w—ra?s, ééraié;'éibw
neutrons, etc., but of the secondary electrons liberated by
them in their passage through the material.,zsh1 Indeed the
energy distributions of secondary electrons arising from primary

, _ s . _ 162
electrons of energies lmeV and 1lkeV calculated by‘Bethep'-are

remarkably similar, as can be observed from Table 2.1. Thus

the ‘processes of excitation, ionisation and electron attach-

-




ment will also be occurring in high energy irradiation, the
greatest difference will be the depth to which modification

of a solid occurs.

TABLE 2.1 Energy distributions of secondary electrons from
1 kV and 1 MeV energy primary electron beams

Energy Range of % of electrons
Secondary Electrons EP =103%ev 10%ev
0 - 3.39 33 | 38.9
3.39 - 6.77 17.9 19.5
6.77 - 13.55 17.9 17.7
13.55 - 27.1 13.7 | 11.7
27.1 - 40.6 5.3 4.0
40.6 - 67.7 5.5 3.5
67.7 -135.4 4.1 2.5
>135.4 2.5 2.2

2.4.2 Chemical changes: due to. hlgh ene:gy
lrradlatlon of polymers

The major chemlcal changes observed 1nduced by
“ionising radlatlon are main chaln sc1551on and crossllnk
formation. The formation of volatile products, formation
and decay of unsaturation and cyclisationvprbcesses have

also been observed.

Crosslinking and degradatipn‘bY~maiﬁ‘chaiﬁ
scission often occur simultaneously with one process predomin-
ant. An empirical rule first proposed by Miller172 states
that vinyl polymers in which thefe is more than one side chain
attached to a carbon, Z.e. %CHZ-CR1R2+H will degrade by main 4

cheih scission while those with a single or no side chain will
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predominantly crosslink. The presence of a tetra-substituted
carbon atom in the chain causes a strain due to steric re-

. . . s . . s s 171
pulsion so that main chain scission is favoured on irradiation.

The mechanisms for crosslinking and degradation
are very complex, and although since the piomneering work of

170 171

Charlesby and Chapiro the use of modern techniques, such

as n.,mor,173 and egsar.174 spectroscopies, has become prevalent
the original guidelines summarised by the above authors are
still accepted. A series of reactions may be envisaged which
can be expected to occur in a long chain hydrocarbon and

possibly other polymers, as follows:l7o

(1) Ionisation and Excitation;

(2) Decomposition of ionised or excited molecules to give
radicals and’ions;

(3) Recapture of an electron by an ion;

(4) Molecular reaprangemeﬁt within a molecule;

(5) Migration of a radigdl along a chain and poséibly
transfer between chains;

(6) Cémbination of two radiéals to give a crosslink,

.+ R

R’ e —=%= R

2 172
(7) Abstraction of hydrogen from a radical molecule by means

of another radical (e.g. hydrogen) giving unsaturatioh,

R;CH - CH,R, + H —© R + H

R, CH = CHR

1 2 2

(8) Elimination of a double band, leaving a radical

RlCH = CHR2 + H ——0 RlCH2 - CHR2

(9) Direct formation of unsaturation by removal of molecular
- hydrogen

R

2'f CH’2R2 ﬁ—ﬁD RICH éq?ﬁ?z + H2
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The above are based mainly assuming free radical
mechanisms a;though there‘is evidence for ionic mechanisms.
One of the great problems with studying the radiation chemistry
of polymeric systems is the complexity of processes involvedl;'m’175
Studies of short-lived excited states in polymers are difficult,
and ionic intermediates are usually speculated when there is
a reasonable case for excluding free radical reactions.,175
The next sections deal with the observed chemical effects
of crosslinking, degradation and unsaturation formation and

decrease in a general manner, although for specific polymer

systems the radiation chemistry can be exceptional.

2.4.3 Crosslinking

Crosslinking is the joining together of two
macromolecules by a chemical band which ultimately results
in an irrsolubl‘e.netWork° MeChanistiﬁ studies of radiation
.1nduced crossllnklng havo concentrated to a large extent on
the polyethylene system.,170 r171,175,176, 177

;?he'"cohcensus‘ opinibn;75’176 1s that cross-

‘linking- occurs by- récombination of two adjacent free. radlcals

in different chains

-CH, - CH - CH,
— -CH, - (ﬂ:H - CH, -
-CHQ - CH - CHZ
CH, - CH - CH,
The low rates of diffusion in a solid polymer
necessitate migration of radicals along the ch‘ain171 or even

betWeen“chains'fqr the above process to be valid, and such

migratiqh,méYVOCCﬁr via a seriés of hydrdgen»abetration re-~
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actions either intra- or intermolecularly,l76
CH2 - CH - CH2 — CH - CH2 - CH
CI—I2 - CfH2 - CH2 —CH2 - CH = CHZ-
CH2 - CH - CH2 —_—D CH2 - CH2 - CH2

The events leading to radical formation undoubted-
ly involve ions and highly excited states but e.s.r. evidence
does indicate that at 77K virtually all radicals pfesent are
alkyl radicals and there is evidence to suggest that the number
of crosslinks is about half the number of alkyl radicals pro-

176 . 172

duced. Polymers which, according to the Miller rule,

should predominantly crosslink are of the type -

i

]
and ‘include ‘polyethylene, polyprdpyleﬁe} polysﬁyrene and

L= Q1
o
T—=—0—=%W

pdiyvrnylhalideso Polymers of the fluorinated ethylenesl78

also show greater crossllnklng than degradatlon on exposure
to radlatlon, except fo r poly(tetrafluoroethulene)

Justification for the Miller rule has been attempted
in termevof“;eeqaaggenstabilisatipn,}79'heats_of.pOlymerisf
ation of the original monomers;l7o“%%%’Semiempiricei:ﬁb caleul-
ationsl79°although the idea of_sﬁeric effeots‘alreaay menﬁiohed

is simplest to envisage. Crésslinking could also ocbgr35§

‘ ionic proce‘sses,180 e.g.
_ + |
CH2 - CH - CH2 .
e oHZ - T - CH, .
. 2
;_CH2 - CH2 - CH, CH, - CH - CH2

.or; ‘other: free radlcal processes 1nvolv1ng a repeated*'”oééss

of"fracture of the main chaln of carbon atomns- foklowe byJ




‘branding to yield trifunctional crosslinks, or addition of

radicals to double bonds formed during radiolysisl75 (see later).

1

2.4.4 Degradation by main chain scission

Degradation is a process where the molecular weight of
a polymer decreases upon irradiation due to fracture of bonds
in the main chain of the polymer. Typical polymersl7o’171
which degrade include polyisobutylene, polymethylmethacrylate,
PTFE, Kel-F and cellulose. Justification for the Miller rule
is again evident in predicting that these polymers will de-
gr;deo Degradable polymers are suitable for use as negative
electron beam resists since a lowering of molecular weight

renders exposed portions of the rest more solu,b'le-,ls1

The mechanisms of degradation ptd@éSéd in the
literature are aggin-mainly based on. free radical processes,
although they have not been studied to the same extent as poly-
ethYlené@ Thus for polyisobutylene, for example, several
‘médhéhisméghéve“béﬁn;prdpbsed, For awpe;méﬁénﬁ btéﬁk in the
méin.chain.i£1h5315ééh‘suggestéd that two stéﬁléfméiéeuiés

should be given from4rearrangement of the aqtiva;ed’polyme:;l7l .

CH CH

3 I
B I A T B S =
CH3 CH3

However the steric requirements about the freé;7l’l72

radical do discourage recombination and crosslinking, as for

example in PMMA,




'wfgé

33 Q3 33 U3
ANy CH2 - E _ GHZ - ? - — CH2 - C - CH2 = ? =N
COZCH3 COZCH3 'C02CH3
+o=éoca3
o o
mm@www—CHz - C = CH2 + C =
!
COZCH3

For PMMA initial ionisation of the polymer has

been shown to cause decomposition by analogy to fragmentation

of esters in mass spectroscopy182

+ -
PMMA 9——339 PMMA + e
?H3'ﬂ ?H3
+
JECH2 c - cnz ¢’ - CHZ}
CO@CH3
+ COOCH

Jv3

The cation may then reattach to anwelectron forming an .excited

radical which then decomposes.

PTFE shows extenslve degradatlon in the presence
of okjéen}l7l'and in the absence of any oxygen fluorocarbons
such as CF4, C2F6178 etc. may be detected asaprodpcts, -Ev;denCe
is also presented for double bond'formation° Thns=either
random scission of adjacent c=C bonds is occurrlng or attack
by F* oh the C~-C bond forms hlghly energetlc products Wthh
split off CF,

. % .
F + C-FZCF2 - CFZCF2 —_— —CEZ=CF3 + °CF2~%m

.k )
- CF2CF3 —c CF, + mmeF = CF2

e, S. JEo ev1dence does 1nd1cate the presence oF %%CFZ radlcals,

,but also the greater abundance of CF2 —{CF -sCFz,radlcalsa




2.4.5 Unsaturation formation and decay

Unsaturation occurs in irradiation of polymers
of either crosslinking or degrading types. The presence of
unsaturation in irradiated polymers has been demonstrated
using i.r. and u.v. spectroscopies. In polyethylene, a
simple peclymer of the crosslinking type,early studies183

demonstrated that initial vinyl and vinyldene unsaturation

present in the polymer disappeared very guickly, while trans-

vinylene increased steadily. The radicals
CH - (CH = CH) - I
and CH - (CH = CH)n - II

have been detected by e.s.r. at above 320K irradiation temper-
ature. The presence of II may also explain the darkening in
colour observed in irradiated polyethylene. The formation
of polyene structures is also supported by u.v. spectroscopy

113

and by the EELS data of Ritsko. Backbone unsaturation was

also found by Ritskoll3 during the acquisition of EELS spectra

of polystyrene, Z.e. by a beam of electrons of 60 keV energy.

The mechanism of unsaturation formation is again

unclear, the ‘'consensus' opinion being that it involves an

intramolecular process of hydrogen abstraction‘,]jo"l7l

Polymers which are initially largely unsaturated

183

upon irradiation tend to lose unsaturation, however benzene

rings ‘tend to 'protect’ polymers against high energy
radiation, thus polystyrene was thought to only crosslink at

a low rate,l7o”l7l
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2.4.6 Low energy electron irradiation of polymers

The relatively short range of low energy electrons
in materials in general and polymers in particular has pre-
cluded the study of chemical effects by familiar, bulk analyt-
ical techniques. There is therefore a paucity of data avail-
able. The study by Hiraoka184 of changes in polyacrylonitrile,
as revealed by ESCA, is an exception. His overall conclusion
is that a graphitic structure is formed by electron bombardment,

and also that thermal and u.v. treatments had similar effects

on the ESCA spectra.

Briggs and Wootton128 briefly mentioned that no
changes were observed in the Cls and FlS spectra of polytetra-
fluoroethylene after 700eV electron beam bombardment at a dose
(20nAa) sufficient to give a good signal to noise positive ion
ESD spectrum. The ESD spectrum obtained was dominated by
ions, with less intense peaks corresponding to other fluoro-

+
CF3

carbon ions.
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3.1 Introduction

The surface sensitivity of ESCA arises from the short
path length of the probe, namely photoemitted electrons which
have undergone no energy loss collisions on exit from the
surface under examination. A measure of this distance is
the inelastic mean free path which is defined as the distance
in a solid through which electrons will travel before l/e of
their number have not suffered energy loss due to inelastic
collisions. The sampling depth, defined typically as the

192

depth from which 95% of the photoelectron signal is derived

is related to the mean free path A, by

Sampling depth = =X ln(l%%%?é) = 3A.

Thus for the quantification of ESCA studies of structure,
bonding and reactivity of solids in general and polymers in
particular an accurate knowledge of mean free paths as a
function of kinetic energy is crucial.193 To this end a data
bank now exists at NPL and is updated by M.P. Seah of all deter-
minations of mean free paths194 reported in the literature.
However although very useful the non-discretionary nature of
the data bank's accumulation entails some erroneous data are
included. The methods available for the determination of

mean free paths fall into two categories:195

(i) The substrate-overlayer technique, and

(ii) measurement of relative absolute intensities with a
knowledge of photoionisation cross sections.
Method (i), involves in its most complete form the measurement
of the attenuation of photoelectron signals due to the substrate,

and the concomitant increase in the overlayer signal on pro-
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gressive deposition on to a substrate a.uniform film of over-
layer of known thickness. Determination of mean free paths
assume%én exponential dependence of path length of the photo-
emitted electron and the intensity of its signal. Thus for

the overlayer

I, = 1201 - e 4 /1cos0) (egn. 3.1)

and the substrate,

1, = Ig(e-d/kcose) (egqn. 3.2)

as discussed in Chapter One.

The second method also makes use of the integrated form
of the differential intensity relationship (egn. 1.11) but

between limits of d=o, and d=¢j, <Z.e.

I = F a,N.k.A (egn. 3.3)

itiTits

Comparison of intensities of homogeneous samples can
lead to ratios of mean free paths provided the X-ray F, the photo-
ionisation cross section Gy the Number density Ni and the
relative efficiency of the spectrometer ki for each sample can
be related. In addition comparisons with a sample whose mean
free path is known can yield absolute values of unknown mean
free paths. However when used in practice the method can
produce surprising results,195 probably due to incomplete
consideration of all the factors involved.

The available data show that there is little dependence

of structure on mean free path in POlymers,195’196

and indeed
when the experimental accuracy of +20% is taken into account
the mean free paths of metals, semiconductors and'polymers are

similar. Notable exceptions to this behaviour are the mean



free paths of highly ordered organic overlayers°l7’197’198

The simplicity of successively building up a Langmuir Blodgett
film for a substrate overlayer experiment has long been
recognised but the unusually large mean free paths obtained
result from specific channeling phenomena travelling parallel
to the order chains of overlayer and also the lower packing
density of Langmuir Blodgett films as opposed to other solid

materials.

Most determinations of mean free paths have in the past
centred on the use of conventional MgKo and AlKa X-ray sources,

199,200 There is now however

with one or two exceptions.
growing interest within the surface science community on the
use of harder X-ray sources for a number of reasons. The
first is ease of use since there has been a large increase

in the number of commerrially available ESCA instrﬁments fitted
with a dual anode X-ray gun, thus allowing the user a change

of anode at the flick of a switch, rather than having to
physically change the anode increasing downtime on the instru-
ment . The arrival of the quadranode, 7.e. four targets, is

an interesting201 extension of this idea.

The probing of chemical states via the Auger parameter55

is becoming increasingly routine, and for some elements this
necessitates the use of harder X-ray sources in order to
create the initial hole for an intense Auger transition.,59
The greatest potential for the use of harder X-ray sources

however is in analytical depth profiling by ESCA,202

As mentioned in Chapter One there are three methods of

depth profiling, namely argon ion etching, angular dependence
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and the monitoring of two core levels of the same element but
at difféfing kinetic energies (e.g. the Fls and essentially
core like F2s)° Of these argon ion etching is not applicable
to any organic system,203 angular dependent studies are in-
appropriate for powders and fibrous samples and the latter is

fortuitous and inapplicable in a large number of systems.

With harder X-ray sources the sampling depth is increased
regardless of whether the sample is flat, fibrous or powdered,
and the use of such sources will be of increasing importance
in the study of polymeric systems by ESCA. The ability of
harder X-rays to probe core levels out of range of conventional
sources (e.g. the 1lst levels of 2nd row elements) also in-

creases methods of intermediate depth profiling.

The energies and some of the linewidths of some of the
more feasible X-ray sources for use in XPS66 are shown in
Table 3.1. The linewidths of most of these sources preclude
the possibility of detailed lineshape analysis, but this is
not a serious problem when elemental ratios alone are desirable
which is usually the case in depth profiling. The ability of
monochromatising the AgLa source has recently been reportedzo4 -
this should greatly decrease the linewidth but the concomitant
loss of intensity could be a serious problem without the use of
a rotating anode18 and/or position sensitive detection.

Of harder X~-ray sources actually in use Castle has re-
ported various applications of SiKal,ng and ZrLa sources.,205
The TiKozl’2 source at Durham has proved immensely useful in
studies of, Znter aqlia, the nitration-denitration of cellulosic

206

208
materials, = the photooxidation of polymer surfaces, and

the surface modification207 and formation220 of polymers by
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TABLE 3.1 Feasible harder X-ray sources

Source Photon Energy (eV) Width (eV)

MgKa 1253.6 0.68

AlKo 1486.6 %083

.165 (mono)

SiKao 1739.4

ZrLa 2024

AgLa 2984 .4

ScKBl,3 4460.5

TiKa 6510

CrKo 5414.9 2.1

MnKo 5898.9

CuKa 8048.4 2,55
inductively coupled R.F. "cool" plasmas. Quantification of

the results from these studies may only be achieved by a detailed
knowledge of the sampling depth using a TiKa source. It is
the purpose of this chapter, therefore, to present results of
the measurement of electron mean free paths over the kinetic

energy range 545-4400eV.

3.2 Experimental

The study reported here involved the use of Zm situ pro-
duced poly(p-xylylene) films as overlayer and gold as a substrate.
Measurement of film thickness was achieved by monitoring MgKa

excited Audf and C levels.

1s
The poly(p—xylylene) was produced by sublimation followed

by pyrolysis of [2.2] p-cyclophane and room temperature depos-



ition of the resulting p-xylylene precursor onto the substrate

in a flow system. A schematic of the process is shown in

Figure 3.1.

Vave
|

heating tope
I@ﬁﬂz — To pyroiysis ond
(y

sublimalion chamber

shit to
analyzer

t — insertion port

inser‘:ion sample substrate

A
X-rfay gun ~—— @

- pressure .
pgcuge To vacuum pump

Figure 3.1 Schematic of the deposition chamber attached to
the spectrometer sample chamber

This route has several advantages for our interests since
additive free films are given in quantitative yields,209 and
facile production of uniform thin films may be achieved because
of thé fine control available over the rate of generation and

deposition of the p-xylylene intermedia{:es°



The <n situ production of these films by having the
apparatus directly attached to the spectrometer greatly de-
creases the chances of contamination, surface oxidation and
hydrolysis, possible if the samples had to be transferred to

the spectrometer.

An important attribute of the thin films produced is
that they will not be "crystalline"” in the sense that single
crystals are, hence channeling phenomena will not arise and
the system studied resembles normal polymer samples.

Gold was chosen as a substrate for a number of reasons.
In the determination of mean free paths using a MgKOL195 source
it was found that sticking coefficients of paraxylylene onto
a gold substrate provide a convenient time scale for initial
deposition. The chemical inertness of gold is advantageous
in two ways, since once cleaned in a standard manner it will
not form an oxide layer ete. prior to deposition and secondly
no reaction will take place with the deposited poly(p-xylylene)
film. Our thickness measurements were based mainly on the atten-
unation of the MgKa excited Au4f signal, the mean free path
for which is accurately known in paraxylylene from a previous

detailed study in these laboratories.,195

Finally inspection of a wide scan spectrum of gold reveals
that the heavier TiKo source opens the possibility of examining
deeper lying core levels which encompass a wide range of kinetic

energies.

The pyrolysis and sublimation chambers consisted of a 24"
long %" diameter quartz tube sealed at one end and with a ground

glass joint at the other.
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This was connected via greaseless couplings, flexible steel
tubing and a greaseless isolation valve to the deposition

chamber shown attached to the spectrometer in Figure 3.3.

The deposition chamber was a 70 mm flanged four-way
adaptor which could be mounted onto the insertion lock of
the spectrometer by means of a double-sided flange fitted
between the insertion lock edge and the deposition chamber,
and sealed by Viton O rings. The insertion port on the
deposition chamber sealed onto the probe using two Teflon
cmniseal 'O’ rings. The system was pumped by an Edwards ED50
two-stage rotary pump, and pressures were monitored on a Pirani
gauge. The starting material [2.2] paracyclophane {Union
Carbide Corporation, Bound Brook, U.S.A.) was recrystallised

three times from xylene, and characterised by standard techniques.

Typically about 2g of sample were loaded into the closed
sublimation end of the quartz tube and the system assembled

pumped down.

A Lindberg furnace, Type 550357, was used
to set up a pyrolysis region over a length of 12" starting 6"
from the sublimation end of the tube. 'Tubing between the
pyrolysis zone and the deposition chamber was maintained at

NSOOC using electrical heating tape.

The optimum temperatures for sublimation and pyrolysis
were determined with the apparatus not attached to the spectro-
meter by subliming the cyclophane into the pyrolysis zone using
a temperature controllable electric heater placed over the quartz
tube. These experiments gave a uniform rate of film formation

as measured by weight increase on aluminium foil substrates,
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at a convenient time scale with the furnace set at WGOOOC

and the sublimation heater at 1800C°

With the apparatus on the insertion lock of the spectro-
meter deposition was achievel-by nlacing the sublimation
heater over the closed end of the quartz tube having pumped
the apparatus down to 'qulO-2 torr and closed the pyrolysis-
deposition isolation valve. By opening this valve for a
known time period deposition of the poly-paraxylylene films
onto the gold substrate could be controlled sufficiently.
When enough deposition, evident also by a pressure rise, had
occurred the pyrolysis region was valved off and the sublim-
ation heater removed. To minimise polymer deposition in the
insertion lock roughing system of the spectrometer about five
minutes were allowed to elapse prior to sample entry into the

analysis position of the spectrometer via the ball valve.

An initial series of experiments involved recording the
MgKao excited Au4§ and Cig for the initial gold sample followed
by a TiKa examination of the gold 4f, 44, 4p, 3d3/2, 3d5/2, 3p
and two doublets occurring at KE's 590eV and 845eV. After
deposition of the polymer the spectra were rerecorded, with

the MgKa excited C and Au4f levels being run both before and

1s
after TiKo radiation to monitor sample damage. In this series
of experiments seven different gold substrates were used but
only three deposition thicknesses per sample were possible
because of signal attenuation at low kinetic energy. Changes

in the MgKoa C spectra after TiKa exposure prompted a separate

1s
series of experiments in which only one of the TiKa excited

levels was investigated in a single run, but with A5 depositions



for each. The Cls levels here revealed little evidence of

damage by the TiKa source.

The peaks at v490eV and "V845eV were at first thought to
be due to Auger transitions resulting from initial excitation
of a 3p level in gold, but were subsequently found to be due to
photoemission peaksresulting from CuLa X-rays (hv = 929.7eV)
excited Audp and Au4f peaks respectively, however signal
attenuationAof these peaks was monitored to give an even better

KE range of mean free path investigations.

The spectrometer used for this work was the customised
Kratos ES300 spectrometer which at the time had two Alcatel
air bearing air turbine turbomolecular pumps of nominal pumping
speeds 45025-1 and lZOSLs_l pumping the source region and analyser
respectively, giving a base pressure of the system during data
acquisition of '\:lO_9 torr. Spectra were recorded in analogue
mode on an X-Y plotter with the analyser scanned continuously

with a fixed retardation ratio.

Area measurements were made using both a Dupont 310
curve resolver and an Apple II microcomputer equipped with a

graphics tablet.

3.3 Results and Discussion

3.3.1 Introcduction

The data reported here concentrates solely on the
attenuation of the substrate signal on deposition of layers
of polyparaxylylene, since initial experiments showed that the

TiKo excited C signal was very weak for all but the thickest

1s

depositions, as can be seen from the wide scan TiKoa excited
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spectrum of Figure 3.2. This arises due to the low cross

section for photoemission of a C level with X-rays of 4510eV

1s
energy and also because most depths of overlayer studied were
below the mean free path of photoelectrons emitted from ClS
levels (RKE ~4325). A qualitative discussion of relative
cross sections using Mg and Ti X-ray sources appears later.

The lack of a mean free path measurement for the overlayer is
greatly compensated for however by the ability of the harder
X-ray source to probe deep lying levels of the gold substrate,
as is clearly evident from Fig. 3.2. Thus core level spectra
for the Au 3p, 3d, 4p, 4d and 4f levels may be monitored to
provide direct estimates of mean free paths at kinetic energies
1768, 2220, 3970, 4177 and 4430 eV respectively. The CuLa
excited Aud4d and Audf levels at 590 and 845eV extend the range
of kinetic energies over which mean free paths have been deter-
mined. Thus in conjunction with the earlier work from these
laboratories using MgKocl”2 and AlKozl’2 photon sources the data
presented here represent the most complete study of electron

mean free paths as a function of kinetic energy for a given

material over such a wide kinetic energy range.

A qualitative inspection of the high resolution
core level spéctra of Fig. 3.3 allows considerable insight into
the strong dependence of mean free path on kinetic energy.
Deposition of a 708 overlayer of polyparaxylylene results in

the MgKa excited Au4 £ level signal at 1170 K.E. undergoing

1,2
attenuation by a factor of ~50. The signal at KE ~4430 eV,
arising from TiKa excitation of the Audf levels, however, has

a corresponding attenuation factor of "5, The TiKo excited.

Au 3d5/2 signal at an intermediate kinetic energy (2330eV) is
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Figure 3.3 High resolution MgKal 5 excited Aud4f and TiKozl 5

excited Au 3d5/2 Au 4d and Audf core level spectra
recorded at 30° take -off angle for a gold substrate
with differing thickness 0of polyparaxylylene overlayer.

attenuated by a factor of ~1l5, also intermediate of the atten-
uation factors for the signals at 1170eV and 4430eV. Also
evident from Fig.3.3 is the comparable attenuation of the TiKa
excited Au4§ and 4d signals, which arises from the relative

proximity of their kinetic energies.

Figure 3.3 illustrates also the complexity of line

shape which can occur using the TiKOLl , source compared to
, ;
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MgKoal 5 spectra. This results from spin-orbit splitting of
the TiKonl 2 giving a doublet of intensity ratio 1:2 and

7
separation ~6eV, The characteristic shape of the doublet is

clearly seen in the Au 3d5/2 spectra in Fig. 3.3, whereas in
the case of the TiKa excited Au4f and Au4d spectra convolution
of the spin-orbit split components of the core levei with the

components excited by the TiKa doublet leads to a complex

1,2
line shape. However since the splittings and relative in-
tensities for both the core level concerned and the X-ray

scurce are known detailed analysis of these lineshapes is
straightforward, but time consuming. Such detailed line

shape analysis was not necessary for this work since deter-
mination of electron mean free paths is achieved by an investig-
ation of the attenuation of substrate core level intensities
with increasing film thickness. This only requires the total
integrated intensity for each core level envelope. Component

analysis for the TiKa excited Au 3d°/2 peak nevertheless gave

1,2

a FWHM of 2.4eV, compared to the value of 1.2eV for thezqu7/
2

level excited by MgKal 2 radiation. Hence under our instru-
7
mental conditions FWHM values for TiKal 2 excited spectra are
7
dominated by the inherent width of the X-ray source to a far

greater extent than'MgKal 2 excited spectra.
7

3.3.2 Evaluation of mean free paths

The results are summarised in Table 3.2, together
with the relevant statistical correlations of the data (r2)°

A brief discussion for each core level will now be presented.
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(i) TiKa excited Audf (KE 4430)

The plot of ln(%i) versus d/cose is shown in
o)

Fig. 3.4. For this series of results and all subsequent
results for the other substrate core levels the film thickness
d has been calibrated using the mean free path value obtained
from the previous work at the Durham laboratories investigating

electron mean free paths as a function of kinetic energy in

polyparaxylylene films employing MgKal 5 and Achxl 5 photon
’ 7
it
(4430eV)
100 . o g 50° « 6 30°
LA N=3678 A= 3N
'8 R?= 095  Ri= 089

(5

10

Substrate

5 o 30 0 S0 60 70 8 S0 100 A
d/Cos &

N.B. In this and subsequent plots I_ is the substrate

ccre level intensity at thickness d?cos & and I: is
the initial intensity prior to deposition .

Figure 3.4 lnI/IO Versus d/cose for the 4f levels of a

Au substrate using the TiKa 5 photon source
?

1
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sources.,195 Thus 228 has been taken as a standard value for

the mean free path for photoelectrons ©of kinetic energy 1170eV.
This method of film thickness measurement has the advantages
that it relates directly intensities obtained from one photon
source to another and obviates the need for a deposition monitor.
The use of a deposition monitor in such experiments entails
extremely accurate and time consuming calibration since, de-
pending on the apparatus used, the relationship between rates
of deposition on the substrate and monitor head can be complex.
Measurement of some of the film thicknesses used in this work
using a deposition monitor would also involve pushing the
monitor to the limits of its sensitivity hence increasing error

greatly.

The low cross section for photoemission from the 4§
levels under 'I‘iKonlp2 excitation evident from Figs.3.2 and 3.3
manifests itself with low count rates with extensive coverage
of polyparaxylylene film. However radiation damage precludes
greatly extended counting times and so the statistical correl-
ation of the data in Fig.3.4 is poorer than for other levels
studied. Despite the considerable scatter of the plots in
Fig. 3.4 (also seen in £he values of the correlation coeffic-
ients of 0.89 and 0.95 for respective take-off angles of 30°
and SOO) the agreement of mean free paths determined from the
slope of a least squares fit of the lnI/Io versus d/cos6 data
are excellent, with wvalues of 378 obtained for both 30o and 500
take-off angle. The proximity of the values determined at two
angles suggests that islanding effects are not occurring but

that the coverage of the overlayer was uniform. Non-uniform

coverage would invalidate equation 3.1 since with a fractional
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coverage f, the attenuation of the substrate levels would be

given by
I = I _(1-f) + 1 e%/Xcosé
o o

This would result in exponential behaviour of the lnI/Io

versus d/cosE) plot, which is clearly not the case here.

(ii) Au4d levels

Although the intensities observed for the Audd levels
are higher than the 4f levels, the correlation coefficients and

the plot of lnI/IO versus d/cose shows (Fig.3.5) more scatter

4d
100+
0 L177eV)
o x® °g50° x@30°
* A = 3788 A =3594
¥ e R?= 087 RZ=003
o]
x
° [}
x
\\ﬂm
n\ %
=N
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Substrate
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d/Cos &

Figure 3.5 1n I/Io versus d/cose for the 4d levels of a Au

substrate using the TiKul 5 photon source
i
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than the corresponding Au4f data. The major cause of this

is the uncertainty in the position of the baseline over such

a broad range, since the total envelope of the spin-orbit split
components used here is much wider than for the 4f levels.
However values of 388 and 368 evaluated for the mean free paths
at two different take-off angles indicate consistency of results

and uniform coverage.

(iii) Audp>/2
The splitting of the Audp levels (98eV) is sufficient
to allow examination of the individual spin-orbit split core
level components. However the attenuation of the 4pl/2 com-
ponent was not followed because of its low intensity compared

to the 493/2 peak.

o

Fig. 3.2 indicates an increased cross section for
TiKa excited Audp photoemission compared to TiKa excited 4f
and 4d pnotoionisation. This enables statistically good
spectra to be taken for extensive overlayer coverage over
periods of time short enough to inhibit appreciable radiation
damage. The data shown in Fig. 3.6 show also that consider-
ably less scatter is evident. Mean free paths obtained from
these data for take-off angles of 30 and 50 are 348 and 338,
again in excellent agreement with each other indicating over-

layer uniformity.
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Figure 3.6 1n I/Io versus d/cose for the 4p3/2 levels
of a gold substrate

(iv) Au 34 levels

The spin-orbit splitting of 85eV and the relative
intensity ratio (2:3) enabled individual measurements of mean

free path to be made for each component of the 3d level, and
the data are shown in Fig.3.7 for the 3d5/2 level and Fig.3.8

for the 3d3/2 level. Both sets of results again indicate unif-

ormity of coverage. The average value obtained for the 3d3/2
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Figure 3.7 1n I/IO versus d/cosB for the 3d5/2 gold

substrate core levels.

level (%308) at kinetic energy 2220eV is within experimental
error the same as that obtained for the 3d5/2 level (KE 2305eV).
This is not unexpected since such a small energy difference
(less than 100eV) at these kinetic energies will not affect the

mean free paths between the two levels considering the square

root dependence.
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Figure 3.8 1n I/Io versus d/cose for the 3d3/2 levels of

gold excited by TiKa X-rays

1,2

(v) Au 323/2

Although the Au 3p level gives signals of reasonable
intensity, indicative of a large cross section the inner shell
lifetime broadening of the peak is apparent. Although less
data points were obtained for this level the statistical correl-

ations for the data shown in Fig.3.9 are reasonable, with wvalues
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Figure 3.9 1n I/Io Versus d/cose for 3p3/2 of gold

of 0.99 and 0.97 for take-off angles of 30° and 50°, The

uniformity of the overlayer film is again confirmed by the

proximity of calculated for the two take-off angles, viz

278 for 50° and 23R8 for 30°.
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(vi) Cu La excited Aud4f and Audd levels

The appearance of the peaks at KE 590eV and 845eV
were at first thought to originate from decay of core hoiles
originally excited by the TiKa source. However comparison
of spectra run with the Ti anode of other materials eventually
confirmed these peaks as being due to CuLa (hv = 929.7eV)
excitation of the Au4d4f and 4d levels. The dual anode is
constructed from a copper target coated with Mg on one level

and Ti on the other as shown in Fig.3.10.

Cu anode
Sh\(lft

l
J

T1 coated target

Mg cocated
target

Figure 3.10 Schematic of the dual anode showing how a

CuLo signal arises
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Inspection of Fig.3.2 reveals that with the Ti source
selected there is also some overlap with the Mg source. Thus
the Cu X-rays must originate from electron bombardment of the

region between the Mg and Ti coatings as shown in Fig.3.3.

The CuLo excited Audf and Aud4d peaks provide con-
venient energies for direct determination of mean free paths

and the 1n I/IO versus d/cose plots are shown in Figs.3.11 and

3.12 respectively.

100+ (BL5eV)

o gs0° x @ 30°
AZGLA A =2124
R’= 097 R?= 099

0¥

ax

Substrate (

1 1 T L T T T T T

0 20 0 4 5s0 60 70 80 -y
d/Cos &

Figure 3.11. 1n I/Io versus d/cose for Audf levels excited
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Figure 3.12 Log plot of the intensity variation of the Audd

levels with the Cula source with increasing
overlayer thickness

The 4f data provide estimates of mean free paths of 198
(50° take-off angle) and 218 (30°) for 845eV electrons. The
statistical correlations are very good although these values

are very close to the AgKao excited Audf mean free path of 228
at 1170eV.

The Culo excited Audd peak at 545KE provides an average

estimate for the mean free path of n178 which does seem high
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comparad with the MgKo excited Fls level estimate (KE = 560eV)

of about 7 * 38 from a substrate overlayer study of plasma

polymerised 1,1 difluoroethylene on gold,195

3.3.3 A brief note on photoionisation cross sections
with the Ti anode

Brief mention has been made in the previous dis-
cussion of the relative photoionisation cross sections of the
gold levels and it is appropriate to correlate those observ-
ations with known theoretical findings. Hence a series of
plots has been compiled from Schofields tablesgz5 showing the
variation of the photoionisation cross section of the gold
levels studied here over the photon energy range 1-6 keV.

The results are shown in Fig.3.13 together with the variation

of the C cross section over the same range,for completeness.

1s
Comparison of these data with the wide scan spectra of Fig.3.2
clarifies several points which warrant further discussion.

The most striking difference between the MgKocla2 and Tinlpz
spectra is the considerabie fall off in intensity of the Au4f
peak in the Ti excited spectrum.. This is in gqualitative agree-
ment with the cross section in Fig.3.12 which indicates a de-
crease by a factor of ~80 for the Au4§ level photoionisation

cross section in going from MgKoc1 2 photon energy to the TiKa1 2
7 7

energy.

The C s signal, observable on the Mg excited wide

1
scan is lost in the noise on the Ti spectrum. The decrease
may again be attributed to a much lower cross sectionj; the

theoretical decrease, as predicted by Schofields numbers, being

by a factor of v40x.
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The cross secticn data of Fig.3.12 indicates that
at 4510eV photon energy the cross section for the gold levels

are in the order
af << ap>/2 < aa'/2,3/2 < 3p3/2 ¥ 3a3/2 < 38%/2

The Ti wide scan spectrum of Fig.3.2 would suggest

an ordering

4f << 4p3/2 N 4a < 3p3/2 ¥3a3/2 < 38°/2.

Detailed intensity measurements of the gold levels
do in fact give this same ordering, although a more thorough
knowledge of the instrument response function at these energies.
and full angle dependence would be necessary in order to truly

gquantify these results.

However the foregoing treatment does show that
Schofield's data is extremely useful explaining the differing
intensities of the gold core level peaks excited by a TiKa

anode.

Work is currently under way at Durham to further
relate observed TiKa excited intensities with theoretically

determined cross sections.

3.3.4 The Dependence of Electron mean free paths on KE

The major objective of this work has been the deter-
mination of electron inelastic mean free paths as a function
of kinetic energy and the results are summarised in Table 3.2.
It is appropriate therefore to consider the dependence of mean
free path on kinetic energy in more detail and compare the
results here with those previously obtained for polymer-metal

systems by the substrate ovedayer technique and results for

organic systems in general.
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TABLE 3.2 Summary 0f results obtained in this study, with

2
values of r

for the least sguares fit of plots

and number of points used

|

Kinetic energy Take-off r (R r Average [No.of points
oV angle(deg.) k(g)
590 30 17.9 | 0.96 | 16.6 5
(Au 4d, CuLa) 50 15.3 | 0.99 4
845 30 21.3 | 0.99 | 20.4 7
(Au 4f, Cula) 50 19.4 0.97 6
1768 30 23.2 | 0.99 | 25.0
(Au 3p>/2, TiKa) 50 26.7 | 0.97
2220 30 31.1 | 0.94 | 29.7 14
(Au 3d°/2, TiRa) 50 28.3 | 0.97 15
2305 30 27.0 | 0.98 | 27.2 11
(Au 33°/2, Tika) 50 27.5 | 0.98 12
3970 30 33.6 | 0.98 | 33.3 13
(4p>/2, Tika) 50 32.9 | 0.99 14
4177 30 35.6 | 0.93 | 36.7 15
(Au 4d, TiKo) 50 37.8 | 0.87 9
4430 30 37.1 | 0.89 | 36.9 15
(Au 4f, TiKa) 50 36.6 | 0.95 10
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Previous work in Durham employing MgKa and
AlKo X-ray sources on polyparaxylylene195 suggested an almost
linear dependence of mean free path on kinetic energy over the
range 970 to 1403eV. However the results reported here over
the range up to 4400 eV indicates a square root dependence. This
square root dependence is clearly evident from the plot of mean
free path values determined here against the square root of
kinetic energy displayed in Figure 3.14, together with data for
MgKo source. Within the error limits involved the data are

overall in very reasonable agreement.

50

R Lf
4@ .
4@ 4p3;/2
3ds, % X
.3Cﬂ5/2 > 4
30 B
Mgk, %
Cul
4 & 4

CULQE

20

10

20 30 40 50 &0 70

Figure 3.14 Electron mean free paths determined for the
polyparaxylylene overlayers on gold substrates
as a function of the square root of KE
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The majority of mean free path investigations
have concentrated on the 0-100eV range using synchrotron or
vacuum UV sources or the 0-1480eV range using conventional
X-ray sources {Al and Mg). One notable exception is the
study of Nordling and co&workerslg9 employing CrKoclil2

(hv = 5414.7eV) and AlKa X-ray sources of evaporated films

1,2
on chromium substrates. It was found that the mean free
path in gold doubles from 198 to 378, going from 940eV
kinetic energy to 3208eV. In conjunction with other results
a square root dependence of mean free path on kinetic energy

was evident over a v3keV range, in agreement with the results

of this chapter.

There have been several attempts at estimating mean

free paths from ‘universal equations®' derived theoreticallyz,,lo’211

212 194

semi-empirically or empirically, and it is instructive

to look at one of these in the light of our results.

As already mentioned Seah has a data bank of all
determinations of mean free path, and uses a least squares

procedure to fit a universal curve of the form

A= + bE%

2

E2
For organics, values of a = 490 and b = 1.1 are

given for the fit. The results of applying this formula to the

kinetic energies appropriate to this work are shown in Table 3.3,

together with the data obtained experimentally.

The data show that Seah's equation gives results
too high by a factor of between 1.4~2.1. This discrepancy is
due to the original data to which the curve fit has been made,
since a large proportion of Seah's data implies unusually large

mean free paths. This arises for two reasons:
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TABLE 3.3 Comparison of our resuits with values
predicted by Seah’s equation

Kinetic energy A calc. from Seah's eqgn. A observed
(egn.3.4) (&) (®)
590 26.7 16.6
845 31.9 20.4
1768 46.2 25.0
2220 51.8 29.7
2305 52.8 27.2
3970 69.3 33.3
4177 71.0 36.7
4430 73.2 36.9

(i) Some of the measurements were made on Langmuir-

17,213,197

Blodgett films which have large mean free paths as

noted earlier.

(ii) The experimental method and treatment of results
] 213 195

for some of Seah's data has been shown to be erroneous,
giving overestimates of mean free path. Thus fitting eqn.3.4

to these large values will overestimate the value of b. A

least squares fit of our data to the curve
i
A = DbE*
does in fact give b a value of 0.45 significantly lower than

Seahs. (The first term in egqn. 3.4 will be insignificant at

these energies).

It is worthwhile noting that Seah's equation has been
applied in a theoretical study of blurring due to secondary
electrons at the surface of PMMA resists,214 The results

indicate a blurring of the order 10Onm for 30008 thick films,

hence indicating a spacial resolution limit in electron beam



121

lithography. With the use of Seah'’s equation modified with

a lower b value a better resolution limit could be envisaged.

Conclusions

The results presented in this chapter indicate that over
a wide energy range mean free paths have a square root de-
pendence on kinetic energy of photoemitted electrons. The
great importance of the use of Ti X-ray sources is demonstrated,
with the difference in sampling depth typically amounting to
508. Mean free paths determined here provide the basis for

semiquantitative interpretation of TiKa excited ESCA spectra.
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CHAPTER FOUR

THE ELECTRON BEAM BOMBARDMENT

OF FLUOROPOLYMER SURFACES
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4,1 Introduction

The modification of bulk properties of polymers by

high energy ionising radiation has its origins in the 19405234

235 that polyethylene

but it was only after Charlesby reported
extensively crosslinked by pile radiation had several desirable
properties that commercial and academic interest really came

to the forefront. The radiation treatment of polymers yields
products with unique but very useful properties which have been
exploited commercial1;?6particularly in the field of heat
shrinkable plastics. From the early studies it was found that,
in spite of its chemical and thermal inertness, polytetra-
fluoroethylene rapidly showed a degradation in physical pro-

170,171

perties on irradiation. The irradiation of fluoro-

polymers178 in general has shown that as a general rule those
which contain hydrogen tend to predominantly crosslink, whereas
when no hydrogen is present degradation in properties, that is

chain scission, predominates.

Studies of the radiation chemistry of fluoropolymers were
hampered by their insolubility in available solvents, thus

170,171 of the irradiated

measurement of sol and. gel fractions
material were not available to determine the degree of cross-

linking.

Technological interest in lower energy electron beam
treatments of polymers has been prevalent since the observation

2317 that PMMA, which had been used as a

by Thornley and Sun
photoresist in IC fabrication, could be degraded with good
resolution by an electron beam and act as a positive acting

resist. Since then other u.v. degradable resists had been

tested as electron beam resists but optimisation of a per se
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electron beam resist has only recently been investigated,238

The chemical effects of electron beam exposure have, however,

been seriously neglected.

In this chapter, therefore, the results of an investig-
ation of electron beam damage of polytetrafluoroethylene and

polyvinylidene are presented.

4.2 Experimental

4.2.,1 Electron Source

The electron gun used was an LEG31 (Vacuum
Generators Ltd., Sussex) pentode, electrostatically focussed
gun fitted with electrostatic X and Y deflection plates, as
shown in Fig. 4.1. The cathode or filament is tantalum coated
with thoria and provides the initial source of thermal elect-
rons which are subseqﬁently accelerated and focussed by the
series of anodes Al, A2 and A3, and deflected using the X and
Y plates shown in Fig. 4.1. The electron energy spread is
quoted by the manufacturers as 0.2eV however the enerqgy analysed
elastic peak had a FWHM of typically 1l.2eV. After continued
use the elastic peak was found to be a doublet of variable
splitting (between 5 and OeV) depending on beam energy and
current, (see Fig. 4.2). The doublet is due to the filament
possessing two work functions, indicating either oxidation of
some of the filament while the spectrometer was at atmospheric
pressure or possibly thinning of thoria coating to reveal the
tantalum. The doublet was a serious complication in the

attempted measurement of electron energy loss spectra but may
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Figure 4.1 The LEG3]l Electron Gun
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(b)Doublet due

to filament
with two

work functions

(@)Singleelastic
pedak

1000
K.E./eV

995

Figure 4.2 Elastic peaks measured at 1kV for 1kV electron energy

be neglected in the investigation of chemical effects on
materials since the uncertainty introduced in the beam energy

may be considered negligible.

The power supply for the gun was a model VG 326A
multipurpose electron source power supply capable of supplying
beam energies of 0-5keV. However the manufacturers do not

advise use of the LEG31l gun below 1lkV and considerable diffic-

ulty was found in operating the gun at beam energies greater
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than 2.5keV because of electrical breakdown.

The gun has been used in two positions on the
spectrometer. The first, on the sample analysis chamber
itself was on the viewing port (1) position indicated on the
key to plate 1.1 in Chapter One. This position allows use
of the electron gun as an excitation source for Auger and
EELS analysis, using the electron energy analyser usually used
for XPS work. The angle 0f incidence of the beam onto the
sample from this port (%200) was however found to be a com-
plication, in texrms of alignment, when the chemical effects of
beam irradiation were to be studied. Normal incidence onto
a sample was thought to be desirable and this was achieved by
moving the gun onto the sample preparation chamber as indicated
in Plate 1.1. The sample preparation chamber also has repro-
ducible ultra high vacuum conditions. Although.the sample
analysis chamber had base pressures in the lO—9 Torr range
water contamination could be significant particularly when using
a cooled probe. The sticking coefficients for polymers are
such that ESCA analysis of polymers is not hampered by such con-
tamination, however electron stimulated adsorption mentioned in

Chapter Two would complicate the processes of beam irradiation

if water was present.

Alignment of the electron beam onto the probe was
atteﬁpted in several ways. Initially with the electron gun on
the sample analysis chamber the elastic peak was optimised al-
though this gave no indication of spot size. Composite samples
of aluminium foil and Scotch Tape did not show great changes in
the elastic peak. Prolonged exposure of the beam to polymer

samples gave discolouration which could be used as an indication
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of spot size. However alignment in this manner was extremely
time consuming and somewhat haphazard. The use of phosphor-
escent materials was found to be the best method of alignment
and measurement of spot size. Potassium bromide was a readily
available reagent which could be mounted on the probe tip in
either powder or disc form by means of double-sided adhesive
tape. With the electron gun on the sample preparation chamber
the phosphorescence could be readily observed through conven-
iently positioned view ports. For spots smaller than the total
area of the probe tip, the relative position of the spot was
found to be constant regardless of whether the sample was KBr
or a polymer sample. Towards the end of this work a phos-
phorescent mineral, namely Wilhemite, ZnZSiO4, was found to be
a far brighter phosphor and was more convenient for lower dose

electron beams.

Measurement of the.beam current was carried out
using a Keithley Instruments 621 electrometer by earthing one
terminal to the spectrometer and attaching the other to the probe.
Since the probe only touches the spectrometer via teflon omni
seals very little leakage current is expected at low potential
differences between the probe and spectrometer. The current
measured was that due to the beam hitting a stainless steel face
of the probe which is in a geometrically identical position to
the polymer sample to be treated. At high beam energies
(>1.5kV) the secondary electron yield for iron is low so the
measured current will give a good indication of the electron
beam current. For lower beam energies a positive current was
measured which corresponds to more secondaries leaving the sample

than primaries entering it. In order to gain comparable



measurements at differing energies the secondary yield must be
taken into account. The simplest method would be to apply a
positive bias to the probe of V15V, since most secondaries have
energies less than 15eV. However the leakage through the omni
seal o rings was found to cause an electrical current which
effectively swamped any effect due to the beam. The method
finally chosen was to use a clean piece of gold as a standard
for the secondary electron yield. Gold was chosen because its
chemical inertness should make measurements here comparable to
measurements of the secondary electron yield in the literature.239
The primary current Ip at a given voltage V could then be cal-

culated from the measured current, Im, with a knowledge of the

secondary yield at voltage V, 8V since

Im = 1Ip - Is (egn. 4.1)
and
_ Is
Sv = D B (egn. 4.2)
thus
_ Im
Ip = 1-8v (egqn. 4.3)
Initial experiments were performed using a beam
smaller than the size of the probe tip. However the problems

of differential charging necessitated the use of larger beams
which were only possible by interfacing the X and Y plates to

a standard raster unit (Vacuum Generators)s

4.2.2 Samples

The samples subjected to the most detailed scrutiny
were poly(vinylidene fluoride) (PVFZ) and poly(tetrafluoro-

ethylene) (PTFE). The PVF2 was obtained from Kureha Chemical
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Ind. Co. Ltd., Dusseldorf in the form of 300u sheet. The
PTFE used was either skived film from Walkers Ltd., Woking,

Surrey or polypenco’ film from I.C.I. Ltd.

The fluoropolymers were chosen for several reasons.
The shifts in binding energy for the ClS levels for carbon in
differing fluorine environments has been studied extensively
over the past decade, and reference shifts are readily avail-

able from these studies of both model compounds,l polymer524o

and theoretical investigations. 241 Changes in structure may

therefore be monitored by both changes in the Cls peak envelope
F . .

and from ls/Cls relative area ratios. The Fls and FZs levels

span a substantial range in kinetic energy for the photoemitted

electron and the monitoring of these levels should provide a

convenient means of establishing the homogeneity or otherwise

of the® sample.

4,2.3 ESCA Instrumentation

Spectra were recorded on the Xratos ES300 described
in Chapters One and Three. The excitation used was mainly

MgKo. although some studies have been performed using the

ly2

harder TiKa X-ray source. Under the conditions used the

1,2
Au4f7/2 at 84eV peak excited by MgKal 2 radiation had a FWHM

14
cf 1.2eV. Area ratios determined by curve fitting were carried

out using the DS300 peak synthesis routine.

Electron bombardment was also carried out in the
ES300, and although some initial experiments were performed where
irradiation was carried out in the sample analysis chamber most
of the work reported here was carried out with the electron gun
on the sample preparation chamber previously described (Chapter

One, section 8.3 and Appendix One).
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4.2.4 Experimental Procedure

Before any exposure the electron beam was aligned
onto a probe tip coated with either KBr or Wilhemite. The
relative position of the probe was noted and the probe with-
drawn and a polymer sample mounted onto the probe tip byvmeans
of double-sided adhesive tape. The probe was then re-entered
into the sample preparation chamber, straight through to the
sample analysis chamber and ESCA analysis carried out. The
probe was then withdrawn to the position previously aligned
with the beam and the probe turned through 120° to expose a
clean surface of the stainless steel probe tip in a geometric-
ally equivalent position to the polymer sample. The beam was
then turned on and the filament current and gun current adjusted
to give the required current measured on the probe tip by a

Keithley Instruments 621 electrometer, using the circuit shown

in Fiqg. 4.3°. The potential difference between the probe and
tJrelectron
Igl gun
i
— R E— —
| 621
probe Electrometer

Figure 4.3 Schematic of circuit used to measure electron
beam current




132

the spectrometer (<1V) coupled with the high resistance between
the probe and spectrometer (%1089) causes a negligible leakage
current to be.lost through the teflon omni seals which are
the only direct contact which the probe has with the spectro-
meter. With the beam current stabilised the probe was turned
through 120° to expose the polymer sample to the beam and after
a timed period the electron gun was switched off. The sample
was then re-analysed by ESCA by pushing the probe through to
the sample analysis chamber. The electron irradiation and
subsequent ESCA analysis was carried out with the sample main-
tained in high vacuum conditions: the spectrometer analysis
chamber and the sample preparation chamber having typical base
pressures of 10—9T, During irradiation of the polymer the
preparation chamber pressure showed a slight increase which is

due to both the electron gun filament degassing and the sample

losing gaseous products.

Initially a beam was defocussed to give a beam which
irradiates the central lcm2 of the probe tip and leaves some
of the sample therefore untouched. ESCA analysis of these
samples however was severely hampered by differential charging
between the treated area and the untreated area. A more satis-
factory method of irradiation is to spread the beam over the
entire probe tip area. Although it was found that the beam
could not be defocussed over the entire probe tip, interfacing
the X, Y plates of the electron gun to a scanning control unit,
usually used for rastering the argon ion gﬁn beam, does give
an electron beam large enough to cover the whole probe tip.

To ensure homogeneity the beam was defocussed as well as rastered.
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Time dependence runs were performed by successive
irradiation and ESCA analysis of the same sample with total
irradiation times of 30s, 1 min, 2 min, 4 min, 10 min and

20 min for PTFE and 30s, 1 min, 2 min, 4 min, 8 min and 16 min

for PVF2 samples.
The possibility of hydrocarbon build up was invest-
igated in two ways. The first checked for hydrocarbon contam-

ination as a result of ESCA analysis by performing an identical
experiment to a normal run but without turning the electron
source on. Secondly a clean piece of gold was irradiated by
the electron gun and the change in the ClS and Au4f signals

monitored.

4.3 Results and Discussion

4.3.1 Electron beam effects on PTFE

(i) Preliminary observations

As a starting point to the discussion of effects of
electron irradiation on PTFE the results of an ESCA investig-
ation of the changes in core level spectra of PTFE irradiated

by a 6uA, 2kV electron beam shown in Fig. 4.4 will be presented.

Considering firstly the Fls levels, a marked decrease
in intensity is clearly evident as a function of bombardment
time. As can be seeﬁ in Fig. 4.3 the total intensity decreases
gradually with increasing bombardment time indicating that sub-
stantial fluorine loss has occurred, in fact, after 10 minutes
bombardment the total integrated intensity is less than 30% of

its initial value, however doubling the bombardment time to
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Figure 4.4 and C S_spectra,of‘PTFE.as a function of time

F
1ls 1
of bombardment by a 2kV 6uA electron beam. = (¥.B.
Cls spectra have had the MgKa3 4s‘a.te.l,l.i.*i:.e.su&b-==
7

tracted except for t=0)
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twenty minutes does not cause such a great decrease in the

Fls intensity, which is an initial indication that the rate

of reaction does fall off markedly with time. The other

striking feature evident from the F spectra of Fig. 4.4 is

1s
the apparent 'shift’' to lower binding energy of the centroid

of the F peak with increasing bombardment time. The 'shift’

1s
observed between the Fls level of the starting material and of
the 20 minute bombarded material is 6.3eV which is far greater

1s

organic compounds and indeed most ionic, covalent compounds

than the shift range typically observed in the F levels of

and is therefore due to a change in the surface charging
characteristics with increasing bombardment time since the
spectra are shown on an enerqgy scale of X-ray photon energy
minus observed kinetic energy. The sample charging of polymers
and conductors not in electrical contact with the spectrometer
has been studied in detail by Clark and coworkers and a signif-
icant finding of these investigations was that utility of sample
charging as a probe of surface composition, particularly in

100,101 1, the latter a lesser degree of charging

polymers.
during XPS analysis has been shown to be indicative of de-
creased fluorinelOl content and so the decrease in charging
observed in the Fls spectra of Fig. 4.4 1is a second indication
that defluorination is occurring in PTFE with increasing elect-
ron bombardment. Further evidence that the change in position

of the F S signal was due to charging phenomena rather than a

1
pure chemical shift was provided by experiments where less than
the total area of the sample was irradiated by the beam. After

long treatment times the Fls level showed two peaks, one corres-

ponding to untreated PTFE and the other arising from the treated
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area of the sample. The appliance of a bias to the probe
and measurement of the spectra was found to shift the two peaks
in a differential manner, thus indicating that the initial
splitting was due to varying electrical characteristics of
the untreated and treated portions of the sample and not a

true ‘chemical’ shift.

One further point worthy of discussion arising
from the Fls spectra of Fig.4.4 concerns the change in line-
widths observed. The untreated sample Fls spectrum consists
of a single photoionisation peak at (corrected) binding energy
690.2eV, (the peak to "8eV to lower binding energy is a doublet
levels by MgKa satellite

1s 3,4
X-radiation and will not be considered further), and FWHM 2.0eV.

caused by ionisation of the F

Upon 30s irradiation the FWHM of the F peak changes to n2.2eV.

1s
This broadening is indicative of a change in chemical environ-
ment of fluorine atoms present in the sample. Initially only
fluorine in (ng)n environments was present and thus gave a
relatively sharp photoelectron signal. The shift range of the
Fls level is small in comparison to its full widggégﬁ_hg;ﬁmw
maximum and so the differing chemical environments manifests

itself as a broadening in the F,_ spectra. The changes in

chemical environment are more readily seen in the cis spectra

where the shift range is far greater than the FWHM and these’

changes will now be discussed.

As can be seen from Fig. 4.4 the 6uA beam has a -

severe effect on the C lineshape. The untreated sample shows‘

1s

a single Cls photoelectron peak corresponding to carbon in poly%

tetrafluoroethylene, 49F2+n. The Ku3 4 satellite is again
7

evident and on removal of this feature using the satellite subs-
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traction procedure on the DS300 data system very little hydro-
carbon contamination was evident as deduced from the peak at a
(cérrected) binding energy of 285eV. After 30 seconds bombard-
ment time, which corresponds to a dose received by the sample

of 'h8xlO14 electrons/cmzp significant changes have occurred

to the C spectrum with the growth of features to the low

1s
binding energy side of the main QFZ peak and significant broad-
ening of the latter feature. This trend continues with in-
creasing bombardment time with the initial growth of features

to both the low and high binding energy of the main -QFZ peak.
After two minutes bombardment time therefore the spectrum bears
little resemblance to the starting material with features corres-
ponding to §F3, ng, CF, and C type carbons being clearly evid-
ent. Defluorination continues such that by 4 minutes bombard-
ment time features corresponding to CF and C type carbons dom-

inate the spectrum, and after twenty minutes the spectrum has

mainly C type carbon with very little ng and EFB evident.

Component analysis of the C spectra allows close

1s

examination of the points introduced in the previous paragraph
in somewhat greater detail. The chemical shifts for fluorine

substitution on the C binding energy has been previously studied

1,240

1s
for a large variety of systems allowing
242

a generalised
additive model té be adopted. Fluorine substitution at an

o position involves a shift of v2.9eV and substitution at a 8
position O, 7eV afe acceptable values within the model and it is
using these generalised values that peak fitting of the ClS
spectra has been undertaken. The complexities of the line-
shapes given inhibited 'a totally unambiguous analysis but gross

trends which occur are indicated. The results of such an anal-

ysis for the spectra in Fig.4.4 are shown in Fig. 4.5.
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Figure 4,5 Variation,in.ClSAcomponents.with.bombardment

" time (Current = 6uA, Energy = 2keV) for PTFE
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The trends apparent by visual inspection of the
Cls spectra may clearly be seen from the component analysis.
Initially there is a very fast decrease in the intensity of
components arising from CF, functionalities such that after

2 minutes less than 25% of the total C S intensity is due to

1
these features which initially comprised ~100% of the ClS
spectrum. This corresponds to 1.65 CF2 groups lost per bom-
barding electron incident upon the sample assuming a mean free

path for the C levels of 1487 (and an effective sampling depth

1s
of 3A). However since the mean free path for 2kV electrons,
from the data presented in Chapter Three can be extrapolated to

be W308, the fraction of electrons incident upon the sample sur-

face which have undergone any energy loss is in fact

-14 x cosb6 x 3
30

1l -e

Z.e. V0.7, thus for each electron which has undérgone an un-
specified energy loss a crude estimate tells that approximately
2.4 CF2 groups have been lost per energy loss electron. . Similar
data at the other treatment times will be dealt with in a later
section. Returning now to the component analysis it can be seen
that accompanying the rapid decrease in intensity due to ng
functionalities is a rise in features corresponding to carbon

not directly bonded to fluorine (C), carbon with one fluorine

at theoa position (CF) and some trifluoro substituted carbon

atoms (CF,). The relative proportion of the latter reaches a
maximum of 9% of the total Cls envelope after 1 min. treatment
times and then decreases. The presence of —CF3 is an indication
of chain end groups within the polymer, since PTFE is known to

undergo main chain scission under the action of high energy
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170,171,243

radiation source. However the proportion of QFB

groups after 1 min. irradiation implies that there is one QF3

for every 1?7 carbon atoms. It would seem likely therefore
that §F3 groups are present also as branch end groups as well
as long chain end groups. This is the first observation to

imply that electron irradiation involves branching to some extent.
The observation of gF3 groups in PTFE irradiated by high energy
radiation has mainly rested on I.R. evidence, although the
difficulty of assignment of structural features from I.R. has

been highlighted by several conflicting accounts in the literature.
Thus Slovoktova244 noted an increase in bands assigned to —CF3
between 745-725 cm_l with heavy doses. A band ét 980 cm-l

was also cobserved to grow an irradiation which the authors
assigned as being due to fluorocyclobutane structures but which
has recently245 been assigned as indicative of CF3 functional-
ities. The latter study however did not report any major
changes in this band on irradiation but on post-irradiation
annealing an increase in intensity was observed. The ESD
spectrum of PTFE is dominated by the CF3+ peak, however, although
guantification of the ion yield, particularly in relation to the
neutrals desorbed, is complex. Mass spectra of any perfluoro

alkane are generally dominated by CF * ions. Gases evolved

3
from PTFE have been studied, with CF4 being the major product,246

247,248

with some longer chain perfluoroalkanes. The origin of

the -CF, functionalities observed in the ESCA spectra presented

3
here could therefore be due to a chain fragment reacting with
the polymer surface prior to desorption: the fragment in

guestion being either a fluorine atom or ion, or a perfluoro-

alkyl radical or ion.
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The initial rise in CF3 functionalities in Fig. 4.5 is seen
to drop and the general fluorine loss occurring in the polymer
is reflected by a gradual decrease in the proportion of —CF3

groups contributing to the Cls envelope.

The evolution of CF functionalities is also rapid
for short irradiation times but afterwards shows a decrease,
again reflecting the overall fluorine loss of the system under

investigation.

The initial increase in -CF groups is less than 50%
of the initial decrease in -CF, functionalities. Defluorin-
ation is therefore happening on such a scale that fluorine loss
is also occurring from -CF functionalities themselves initially
formed by loss of fluorine from CF2 groups. Beyond treatment

times of 1 minute the dominant features in the C Spectra are

1s
due to carbon atoms with no fluorine atom directly attached to
fluorine. The lineshape analysis of this region of the

spectra is particularly difficult, because of the appearance

of features with a binding energy of less than 285eV. Charge
referencing of the spectra is therefore difficult. The method

of allowing a hydrocarbon overlayer to develop as a result of
condensation extraneous vacuum249 vapours was not fruitful in

this respect mainly as a result of the cleanliness of the spectro-
meter at the time. Referencing was therefore performed in a
self-consistent manner, summarised in Fig. 4.6, using the centroid
of the Fls peak and approximating a binding energy of this peak
from known values for model compounds and the fluorine to carbon
stoichiometry ratio calculated from the Fls/Cls relative area

intensities. Using this procedure growth of features at B.E.s

lower than 285eV is certainly implicit, indicating the presence
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Figure 4.6 Schematic of analysis routine for ESCA data
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of a graphitic and/or polyenic stfucturen For longer treat-
ment times this feature dominates the Cls spectrum, the sharp-
ness of the peak indicating that the final structure is not in
as wide a variety of chemical environments as initially. The
formation of unsaturation in PTFE has been reported in high

245,250

energy irradiated samples and the present results would

tend to corroborate such an observation.

Further evidence of unsaturation in the final
structure was established by a crude bromination experiment where
the sample was allowed to stand in bromine vapour for several
minutes and the spectra rerun. A Br 3d peak was detected after
the treatment indicating that either trapped radicals and/or
unsaturation was present. The initial untreated sample and
the final sample showed a very small (<1% of the Cls signal)

Ols peak, but on the latter's exposure to air the Ols peak showed
a marked increase. This could be due to oxygen trapping of
surface free radicals or oxidation of a polyenic final structure.
Oxygen uptake would occur in a disordered graphitic system pro-
vided prismatic edges were exposed at the surface since these
have been shown to have sticking cocefficients for oxygen far

greater than basal plane edges,252

The emergence of shake-up features to the high
binding energy side of the main photoionisation peak has been

,‘38;'39740 to be a major inform-

shown by Clark and coworkers
ation level in the ESCA spectra of polymers and organic monomers
in general possessing double bonds. However no such peaks can
be straightforwardly discerned in the spectra in Fig.4.3. How-
ever the baseline of the Cls’ Fls and Fzs spectra is seen to rise

with respect to the low binding energy region as can be seen in

the expanded spectra of the 20 min. treated sample in Fig. 4.7
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compared to those for the starting material. The asymmetrical
baseline is indicative of a highly delocalisedwrsys&mﬁﬁguch as

a polyene or indeed graphite. The raising of the high energy
baseline is a manifestation of the asymmetry of the main photo-
ionisation peak. Such asymmetry is cobserved in materials which
have a high density of states near the Fermi level”—”"ZSl’47
in general conductors,and may be thought in a crude manner as
arising from a multitude of shake-up processes 7 whose tran-
sition energy E (as defined by egn. 1.5 in Chapter One) varies

from OeV upwards. The raising of the baseline of the upper

spectra in Fig.4.7 can be seen to follow the trend

Fls < Cls < FZS

The asymmetry of the FZS level is greatest since valence excit-
ation (shake-up processes) would be expected to have greatest
overlap with the F25 levels. However theoretical modelling of
these processes is beyond the scope of this investigation.
The defluorination of the PTFE surface can be illust-

rated dramatically by consideration of the F1s/Cls ratios of

the spectra in Fig. 4.8. Also included in Fig. 4.8 are the
corresponding data for spectra run at 70° take-off angle which
are therefore more indicative of the absolute surface of the
system. It can be seen that in both cases substantial loss

signal has occurred with

of the F signal relative to the C

1s 1s
the fastest drop occurring in the initial stages of the reaction.
The reaction appears to be faster initially in the outermost
surface region as evidenced by the greater Fls/Cls decrease in
the 70° spectra, but in the latter periods of irradiation in-

creasing homogeneity is evident by convergence of the ratios

at the two take-off angles. Further insight into the homo-
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Figure 4.8 Variation in the‘Fls/Cls:relative‘intensity ratio
for 6uA bombarded PTFE

geneity or cherwise is available by using the large difference

in sampling depth between the F and F levels. A plot of

1s 28
the FlS/FZS relative intensity ratios is shown in Fig.4.9 and
reveals that after an initial period the Fls/F2s ratios decrease

indicating again that defluorination is more rapid in the sur-

face regions of the sample since preferential attenuation of
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Figure 4.9 Variation in Fls/Fzs ratio for 6uA bombarded PTFE

of the F levels by a surface region low in fluorine occurs

1ls
as a consequence of the lower mean free path (viz IR versus

%202 for the F levels). Also evident is a slight difference

2s
in the Fls/Fzs ratios at the two take-off angles indicating that
the decrease in fluorine is greater in the surface regions of

the sample.

The differences between 30 and 70° take-off angle

may be seen by comparison of the spectra in Fig.4.10 with Fig.4.4.



148

x0b

305 300 295 290 700 690
35 00 BE(&Y}ncorO
e

Figure 4.10 Fls and Cls_spectra recorded at 70° take-off angle

for PTFE bombarded by 6uUA 2kV electrons
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The component anaylsis for the 70° spectra is presented in
Fig. 4.11 and shows that the decrease in the ng peak occurs
much faster such that after 30s irradiation it only contributes

55% to the total C signal. The increase in CF. functional-

is 3
ities is not as pronounced. In the surface region of the sample

the fragment ion/radical mentioned earlier involved in the

“lo Cls

50

Figure 4.11 Variation of C components_atv709_takeroff angle

1s
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formation of CF3 groups has a greater probability of escape,
defluorination competing with the favourable surface free energy
of CF, groups over gF?? The decrease of CF functionalities

is also more rapid after an initial increase to about the same
proportion as that in the 30° spectra. This observation is
also consistent with the idea that reactive species, in this
case a fluorine radical or ion stands a greater chance of escape

than in the subsurface region of the irradiated polymer.

The large differences in ClS lineshape for identical
treatment times between the 30° and 7OO take-off angles are, in
fact, revealed to be due to only small differences in the com-
ponent analysis. For example after 2 minutes treatment the

CF,:CF,:CF:C ratios are 9:24:24:42 for the 30° spectra and

3 2
6:22:25:47 for the 70° spectra, indicating that in the more
surface sensitive region greater defluorination has taken place.
The effects reported at both 30 and 70° take-off angles indicate
a variety of processes are occurring: the possibility of hydro-
carbon contamination or adsorption being solely responsible for -
the changes observed may be partially discounted by the observ-
ation of CF,, and CF functionalitiés in thé Clswenveiopef The
possibility of electron stimulated adsorption of residual hYdro—
carbon contamination was also checked by bombardment of a gold
sample for 20 minutes by a15uA electron beam° The Cls and

Au4f spectra before and after the electron treatment are shown

in Fig.4.12 and reveal that there is an increase in-Cls intensity
but that its effect on the Au4f envelope intensity is negligible.
Substrate/overlayer calculations on both the Au4f intensity

attenuation and the C increase indicate that less than a mono-

1s
layer deposition of ‘carbonaceous’ material has occurred due to
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Figure 4.12 Au4f and Cls
20 minute bombardment by a 2kV 1.5uA electron beam

spectra of gold before and after

beam treatment. The sticking coefficient of hydrocarbon for
gold is, however, expected to be significantly higher than for
a polymer. X-ray degradation during a run was investigated by
leaving a sample under the X-ray beam for the appropriate time
and the spectra recorded at similar intervals to those during a
run revealed negligible changes in both lineshape, area ratios

and binding energy.
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4.3.1 (ii) Electron beam damage as a function of dose
rate and the abstraction of kinetic data

The preceding section described the changes
observed during irradiation by a current of 6uA, which was the
grossest treatment used in this study. A variety of runs were
undertaken keeping the beam voltage constant (2kV) but varying

the beam current over greater than an order of magnitude.

As a contrast to the data presented in the

preceding section Fig.4.13 shows changes in the C s spectra

1
which occur to PTFE on receiving a dose of 0.15uA, 7.e.Vv6.7x10

electrons cm_2 51. Changes in the spectra can be seen to be

11

significantly less than at beam currents of 40 times greater
presented in the preceding section. Again some degree of vert-
ical inhomogeneity is apparent since changes in the Cls lineshape
appear to be occurring faster at 70° than at 30°. This is re-
vealed in the component analyses for the spectra as seen in

Fig. 4.14 where the growth of C type features and the decay of
the ng signal is greater in the surface regions than in sub-
surface. Also shown in Fig.4.14 are contributions to the Cls
envelope obtained after 30s treatment by a 6uA beam, which is
theAequivalent, in terms of dose, of 20 mins. at 0.1l5uA. It

is apparent that after the same dose at a higher current less
defluorination had occurred as evidenced by greater contributions
énd CF

from CF functionalities at the higher dose. It would

2 3
appear therefore, as will become more apparent later, that over-
all damage caused to the sample is not a linear function of beam
current. However since defluorination may be envisaged as the

initial loss of a fluorine atom or ion from the main chain, the

concentration of free fluorine moieties at the greater dose rate
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during irradiation will be higher therefore favouring a re-
combination reaction to occur enhancing the relative proportions

of —QFZ and QF3 groups at higher current but equivalent dose.

In spite of the secondary processes occurring the

abstraction of rate data has been attempted from the Fls levels

and the CF, component of the Cls level. The FZS levels in
addition provide greater insight into the depth of the reaction.
146,157

For ESD processes of monolayers, the concentration of
undamaged species within the detection region at any one time,

N(t) has been found to follow a first order relation,

-Te Qo.t

AL ) (egn. 4.4)

N(t) = No exp (

where Qo is the effective cross section of the desorption pro-
cess, No is the initial undamaged material concentration within
the analysis region, Ie is the total beam current, A is the

irradiated area and ¢ is the electronic charge.

Thus a straight line whose gradient varies with Ie
should be given, if ESD is the only process occurring, in a
first order plot of ﬁ%o Departure from linearity indicates that
a simple ESD process is not occurring for a variety of incident

beam currents at 2kV, at take-off angles of 30°. Plots of
CF
C

F
) versus t and ln(Elg)VSJ:are shown in Figs.4.15 and 4.16.
Tot 1ls

Both sets of data show distinct curvature, the data obtained from

In(

the CF2 components being somewhat smoother than from the Fls/C1S
ratios. The curvature observed could be indicative of several
first order processes occurring. However, Hutton203 has re-

cently shown in a study of the interactions of a hydrogen plasma
with PTFE that curvature observed in first order plots may be
attributed to a single first order process occurring within

separate monolayers of the polymer surface. This point will be
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Figure 4.15 First order plot of /Cls Total Versus

bombardment time at various electron beam
currents for PTFE

returned to later in the discussion. The initial data points
have however been used to obtain an initial first order rate
constant for the decay of the CF2 and FlS signal intensities

and the results of this treatment are shown in Table 4.1 to-

gether with data obtained from the 70° take-off angle spectra.
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Figure 4.16 First order plot of the variation of the Fls/ClS

intensity ratios at various electron currents

As can be seen from the rate constants determined, reaction
occurs at a greater rate in the surface regions than in the
subsurface and bulk since rates determined at 70° are consist-
ently greater than those at 30° take-off angle. The relative
values for the CF, component data are consistently larger,

however. For a simple reaction occurring faster at the surface
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5

TABLE 4.1 Pseudo first order rate constants (in units/mind
obtained for PTFE

Beam Current/uA

Core level 0.15 1.5 3.0 6.0
30 .08 .11 0.17 0.27

Fls
70 .11 .12 0.21 0.33
30 .11 .22 0.34 0.71

CF2
70 .16 .24 0.47 0.73

it would be expected that the rate obtained using the Fls

levels, which have a shorter mean free path and are therefore
more surface sensitive than the ClS levels, would be greater.
Such was the case found in the hydrogen plasma treatment of PTFE.
The greater rate of QFZ loss is in disagreement therefore to the
surface enhanced reaction if the mean free paths of the Cls and
Fls levels is solely taken into account. However the greater
rate constant obtained from thé ng component data may be

rationalised on consideration of the processes occurring in

electron bombardment.

Component analyses have shown that in the initial
stages of reaction loss of fluorine is also accompanied by mole-
cular rearrangement giving §F3, CF, and C groups in addition to
the QFZ groups initially present. In the initial stages of re-
action at 6pA incident beam current production of v10% QF3 groups
occurred, thus stoichiometrically this can have arisen from a

variety of schemes, e¢.g.

CF2 loss F loss
CF2 CF2 —_— CF3 + CF 2 (0]
¥~> CF, + C + F 2 1
CF2 CF2 CFZ —_— 2CF3 + C 3 0
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Loss of CF2 groups therefore will not mirror the loss of
fluorine from the polymer because of side reactions forming a
significant proportion of CF3 groups. This is in marked con-
trast to the treatment possible on the ESCA data of the hydrogen
plasma treatment of PTFE where fluorine loss did mirror the
decay in the QFZ component signal,203 It may also be shown
that formation of a significant proportion of CF groups will
also increase the rate determined from the ng levels compared
to that from the FlS levels. This added complication seriously
hampers even a crude semiquantitative modelling of the reaction

but the initial pseudo first order rates obtained do show some

interesting features as witll become apparent.

Firstly the ratios of the CF,:F,  rate constants
at a given take-off angle fall with decreasing beam current.
This is consistent with the observation of a smaller proportion
of 9F3 functionalities appearing at lowrbeam currents. Simil-
arly the ratios of the rate conSFants from the CF2 component

o

data at 300:70 falls with lower beam current for the same reason.

The variation of derived rate constants as a function
of beam current is shown in Fig. 4.17. As would be expected
the rate of reaction increases with dose rate, the rate of
observable damage appears to be a linear function of dose rate.
However, on going from O.1l5uA to 6uUA, Z.¢. a 40X increase in
beam current (7.e. dose rate) for the 30o data, the QFz compon-
ent rate increases by a factor of only v7x; the increase in

the F s rate being even lower at ~vix,

1

The formation of active species at a faster rate

at higher beam currents is consistent with the variation of derived rate

constants: dose rates used in this study represent near to
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Figure 4.17 Variation of pseudo first order rate constants
obtained with electron beam current

saturation in terms of electrons bombarding the polymer sur-

face over the time scale of the measurements.

A desorption cross section for fluorine from PTFE
may be estimated from these data, however as has become apparent
the processes occurring are not a simple ESD process compar-—
able to, say, CO on W. Estimates of the 'desorption' cross

5 16 2

section from the F rate data obtained are««lO"l -10~ cm

1s
which, for a simple desorption process are unusually large values

and are tantamount to the domination of chemical processes over

defluorination by a simple ESD mechanism.
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Pantano157 has defined a damage threshold for

materials in an attempt to standardise beam effects in Aes

of electron sensitive materials as the dose required to cause

a 10% detectable change in the material. Using the values for
rate constants obtained from the CF, component data the sensit-
ivity of PTFE is estimated to be 6 x 107 % cm %, This may be
compared with typical sensitivies of positive electron beam

10 6 -2 238
m .

resists between 10 and 10 ° C ¢

As a first attempt to model the process occurring
the variation in the Fls and FZS intensity ratios was fitted
to a substrate-overlayer system as outlined in Chapter One,

section 1.3.4 (ii).

The model assumes a modified layer of material on

top of a substrate of unmodified material. The intensity of
the Fls level, may therefore be written as
-d -d 1
IFlS = k1 {x(l—e /Alcose) + 2e /Alcose, (eqn.4.5)

where x is the stoichiometry of the altered layer where symbols

have their usual meanings.
intensity is given by

_d/k3cose}

Likewise the FZS

-d
/A3cose) + 2

IF = k3 {x(l-e e (egn.4.6)

2s

This model therefore assumes a layer of homogeneous stoichio-

metry x.
The relative intensity ratio is therefore
-d -d
IF,,  ky(x(l-e /710989) 4 o /210088,
TF,, =y =y (eqn.4.7)
S kj{x(l—e x3cos6) + 2e A3cose}
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k

The constant T is the bulk sensitivity factor
3
for the Fls to FZS levels derived from consideration of homo-

geneous materials.

IF¥
Values of ?ﬁlé were thus calculated for values of
" 2s
d from o to 908 and values of x from O to 2. Comparison with

the experimental data, using a value of x from the F/C ratios
showed that with increasing reaction time, particularly at beam
currents of 1.5, 3.0 and 6uA the Fls/FZs experimental ratio
gave a close fit to the theoretical value for values of d which
initially increases with increasing bombardment time, but
plateaus to a value of 408 at 30° take-off angle. However,
although the observation of a moving boundary layer is supported
by a similar treatment for the 70° spectra the absoclute values
determined at the higher take-off angle plateaued at ~208.

This may be due to a surface roughening effect, which will tend
to converge the average take-off angle seen by the analyser to

o 150
7

45 but both values obtained represent a limit beyond the

sampling depth for the Fls and Cls levels at each take-off angle.
The most likely situation is a modified layer whose fluorine
concentration gradually increases with depth rather than a

homogeneous overlayer of modified material with a well defined

interface with the unmodified material.

Thus a model is needed where a modified surface
layer changes in depth as a reaction proceeds as well as com-

203 in treating

position. Such a model has been used by Hutton
data obtained from the modification of PTFE by a hydrogen plasma.
An adapted version of the program to synthesise the model has

been used here in an attempt to gain insight into the wvariation

of the relative intensities of the core levels under investigation.
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The model Is similar to those recently published in that it

uses a modified version of the simple substrate overlayer model
where the surface is split into lateral sections such that the
contribution of each to the observed intensity may be calculated.
A vertically inhomogeneous reaction is allowed to proceed in
each monolayer at a first order rate, the inhomogeneity being
introduced by varying the effective concentration of active

species with depth.

Relative intensities of the Fls and FZS intensities
are given along with component ratios of the Cls group. Again
a non-ambiguous fit to the modelled data was not found, the
closest fits were found when the reaction was one-tenth that of
the surface rate at V408 but that especially in the latter stages
of irradiation the relative intensity ratios predicted from a
first order process fall too rapidly compared to the experimental
data. In fact the data were found to have the best fit assuming
a reaction dependent on /time rather than times which may be
indicative of diffusion processes. In studies of the inert
gas102 and hydrogen plasma modification of polymers the diffusion
of the active species into the poiymer was found to be a limiting
factor on the depth of modification, in the present context it
is not unreasonable to assume that the reverse process, Z.e.

diffusion of an active species (e.g. F or F ) out of the polymer

does have a role to play.
\

These attempts do tend to imply that the reaction
is too complex to follow using a simple model, since side re-
actions in the model are completely ignored, as is an increase
in the number density of the carbon atoms which, as will become

apparent, increases greatly during the period of bombardment.
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The behaviour of the absolute total intensities

of the C envelope during irradiation is worthy of further

1s
mention. It was found that for both 30° and 70° spectra,

at whatever beam current used the C total intensity rose to

1ls

a maximum value of 1.4 times that of its initial value,

Fig.4.18 being a typical example.
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Figure 4.18 Behaviour of._the:.Cls total intensity as a function

of bombardment time
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The intensity of a given core level in XPS (e.f.
Chapter One) is proportional to the number density of atoms
within the sampling volume. Thus the increases observed
are evidence of increased carbon atom density. To what extent
this is due to the removal of interchain spacing of the original
polymer matrix-by either crosslinking or removal of substituent
atoms cannot be fully ascertained from the available data.
Both the creation of a crosslink, with a C-C bond distance of
n1.58 between two chains (which in polyethylene are separated
by %4.73), and the loss of fluorine atoms to give chains of
conjugated carbon atoms, will increase the number density and
it is reasonable to assume that both processes are occurring.
PTFE was originally described as a degradable polymer in terms
of its radiation chemistry, but evidence for its crosslinking

is now available.

(iii) Energy dependence of beam damage in PTFE

A limited study was undertaken to investigate the
influence of bombarding electron kinetic energy on PTFE.
Instrumental parameters at the time dictated that less than
the whole area of the sample was irradiated, thus differential
charging effects inhibit a total analysis of the data. However
the Fls to Cls intensity ratios obtained indicate that over the
range 1kV to 2.5kV kinetic energy has little effect on sample
damage within the ESCA sampling depth during the initial stages
of reaction. Greatest defluorination appears to be occurring

at 1kV electron energy buta general trend in these data is not

seen (see Fig.4.19),

This is not surprising when the effective range of the

electrons is taken into account. Using values calculated from
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Figure 4.19 variation of F/C stoichiometries for PTFE at
various electron energies

Ashleyl68 the ranges for 1 to 2.5keV electrons, in terms of

the sampling depth used in this study fluctuations in the range
will have no effect on damage observed. This observation is
reinforced by an approximate calculation of electron ranges in
poly(paraxylylene) using mean free paths extrapolated from the
data in Chapter Three. Assuming a square root dependence of
mean free pa£h on kinetic energy the track lengths of an elect~
ron which undergoes one collision per mean free path travelled
with a loss of 20eV is calculated to be 720, 1280, 1984 and

27778 for incident electron energies of 1.0, 1.5, 2.0 and 2.5keV
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respectively. Thus the ranges are all well beyond the sampling

depth of ESCA.

4.3.2 Electron beam borbardment of PVF2

(i) Preliminary observations

Like PTFE, the most directly evident feature of bom-
bardment of poly(vinylidene fluoride) (PVFZ) surfaces by
electrons is a marked decrease in fluorine content. As can
be seen from the spectra in Fig.4.20. The Fls levels show a

gradual decrease in relative intensity compared to the C

1s
levels. The changes evident in the ClS spectra also point to
extensive fluorine loss. The initial spectra consists of two

major peaks, corresponding to ng features at 290.8eV and QHZ
features at 286.3. A small amount of hydrocarbon was also

evident at ~285eV. Upon irradiation the ng peak decreases
in relative intensity while the features due to QHZ relative

to CF and lower binding energy QHZ and CH functionalities,

20
show an increase. Features of intermediate binding energy,

due to CF functionalities grow with bombardment.

The results of component analysis of the ClS levels
and grouping together of the carbonaceous components is shown
in Fig.4.21. One major departure from the damage observed in
irradiated PTFE is the negligible percentage of —gF3 groups
present for PVF2 even at higher doses. PVF2 is regafded as
a crosslinking polymer178 with regard to its radiation effects

and the virtual absence of CF, functionalities observed in

this study is certainly in agreement with this finding.
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Figure 4.20 Changes in the C spectra of PVF,
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Figure 4.21 Component anal.ysis.of,PVFz__Cls spectra

The component analysis shows that initial, rapid
loss of CFr, features occurs such that after a dose of v6.8 x lOl3
electrons/cm2 (i.e. 1 minute's irradiation) the CF2 intensity
has dropped by~50%. This corresponds to the loss of ~2 CF2
groups per incident electron which is greater than was noted
for PTFE (1:.6 CF2 groups per electron). The rate of decrease
falls with increasing bombardment time such that the next 15

minutes of irradiation brings about a drop in the CF, contribution
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of 20% of the total C s envelope. The CF functionalities show

1

a maximum growth to "20% of the C envelope and a predominant

1s
process occurring must therefore be conversion of CF2 groups

by loss of fluorine (as yet unspecified) to CF although the
decrease in intensity of the QFZ features is not solely com-
pensated for by an increase in the CF features, indicating that
loss of fluorine from CF functionalities is occurring from the
outset, the initial relative growth of these features out-
weighing their demise. A state is reached however where the

reverse case holds and for extended irradiation times therefore

the CF groups lose intensity.

As was the case for PTFE asymmetry is observed in
spectra at extended treatment times, again in the order
Fls < Cls < FZS’ for the reasons given as in the case of PTFE,
and so at extended treatment times the formation of a conjugated
system is implicit. The crude bromine test also indicated the
presence of unsaturation. The bulk irradiation of PVF2 has
also been found to introduce unsaturation over long irradiation
times,178 The decrease in fluorine relative to carbon is
illustrated in Fig.4.22, where the Fls/Cls ratios obtained at
30° and 70° take-off angle have been plotted together. The
decrease is seen to be uniform with depth since the difference
observed in the surface.(70) and subsurface (30) spectra are.
certainly within experimental error negligible. The Fls/FZS
ratios do not reveal any general trend and display considerable
scatter at longer treatment times. Deeper probing with the

TiKo source has therefore been undertaken and Cls spectra re-

corded for varying treatment times using MgKa and TiKo excitation
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Figure 4.22 Variation ofth,e,Fls/.Cls intensity ratio at
2 take-off angles for PVF

2

are shown in Fig.4.23. Although the TiKocl’2 doublet makes
fitting virtually impossible it can be seen in these spectra
that the growth of C type features in the more surface sensitive
MgKo. spectra'occurs at a faster rate than in the TiKa spectra.

Thus in the 16 min. treated sample the MgKo excited ClS spectrum

is dominated by carbonaceous material whereas the TiKa spectrum
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Figure 4.23 Variation of.Cls‘spectra of PVF2 obtained using

MgKo and TiKo X-rays with bombardment time
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still has a significant signal arising from fluorinated

carbon. The variation is more quantitatively illustrated

in the C:F stoichiometries calculated using bulk sensitivity
factors for the Cls and Fls levels from the two sources, whereas
over the MgKy sampling depth homogeneity of the modified material
is indicated earlier a comparison of results from the two X-rays
sources indicates inhomogeneity in the top ~v1208 (Z.e. a samp-
ling depth of the TiKo source for Cls levels at 30° take-off
angle) . Assuming that the stoichiometry of the modified layer
is as given by the MgKa spectra, a éimple substrate overlayer

treatment of the TiKa data a value of %458 is indicated for

the depth of this overlayer.

(ii) Electron energy and dose rate dependence of
damage in PVF2

The influence of dose rate on damage in PVF2 was
studied over a small dose range using a similar treatment as
for PTFE. First order plots for the decline in gFZ features
at various currents are shown in Fig.4.24 and the rates ob-
tained were found to be independent of take-off angle, within
the error limits of their determination which were considerable
compared to those obtained from PTFE. Values for the initial
pseudo first order rate constants are shown in Fig. 4.25.

Like PTFE the rate obtained from the F data is lower than

1s
k
from the ng data although the ratios CFZ are not as great
k
Fls
as in PTFE due to the absence of CF, formation in the case of

3

PVF2°
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Figure 4.24 Fixst order rate plots of.theAgFQ.component
of PVF.

> with various beam currents
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Figure 4.25 Variation of pseudo first order rates obtained
from the F,  and CF, component data with

electron current

Although the rates obtained have somewhat high
error limits (.84 <r2 < .97 for the least sgquares fit) the
trend again observable is that a non-linear relationship is
evident, with a saturation current reached at lower beam curr-
ents than was found to be the case in PTFE. The rate constants
for PTFE and PVF2 are comparable at equivalent beam currents
and saturation occurs at lower currents in PVF2° Makuuchi246
and coworkers have shown that removal of HF formed during irrad-

iation of PVF, does increase the radiation damage observed in

2

the polymer, without HF removal the reaction is presumably showed

by reaction of HF with chain radicals.
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A limited study has been made of energy dependence
of beam modification, the primary electron energies used being
500 and 200eV, at equivalent primary doses of 0.28 A. Align-
ment of the electron gun, particularly at energies lower than
2000eV was found to be particularly problematical, and limited
a full span of energy dependent studies. The spectra obtained
at each energy for an equivalent dose were found to be very
similar, as can be seen from the plots of the decrease CF2

signal and the Fls signal shown in Fig.4.26.

°=H500eV
x-2000eV

X=Fls

~]- 5

Figure 4.26 Decrease in QFZ component of PVF2 at 500
and 2000eV
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The pseudo first order rate constants obtained from
the two sets of data are found to be very similar, and so can
be concluded from this albeit brief study that the damage
mechanism is not significantly altered in going from 500 to

20C0eV primary energy.

This is a significant result since a primary energy
of 500eV is insufficient to cause ionisation of an Fls level
(BE v690eV) and so this mode of excitation of the initial poly-
mer is found to be insignificant in terms of damage caused by
the electron beam. Thus electron induced damage via Auger
de-excitation of the Fls level is not an important process as
might be predicted by the Knotek-Feibelman-I48' ESD model dis-
cussed in Chapter Two. However the cross sections for ionis-

ation of an F level by electrons of enough energy is almost

1ls
an order of magnitude lower (see Fig. 2,7 ). than for Cis
jonisation which are, in turn, lower than valence jionisation

cross sections.

Differences in fluorine to carbon stoichiometries
however were discernable in TiKo spectra of samples irradiated
at the two energies. A substrate overlayer treatment of the
results obtained at 500eV gives a depth of the modified layer
of about 208 (c.f. 458 for 2kV). Thus for a 4x increase in
primary energy the estimated depth of modification increases by
a factor of just over 2. This is strongly reminiscent of the
square root dependence of electron mean free paths on energy,
the depths of modification are, however, estimated at 3 times
the mean free path for 500eV electrons and V1.5 times for 2kV
electrons. It should again be noted that the model assumes a

homogeneous modified layer of polymer on top of an unaltered
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substrate, whereas the probable situation is a modified layer

whose composition varies with depth.

4.3.3 Mechanistic aspects of electron beam
degradation of PVF2 and PTFE

The results presented in the foregoing discussion
clearly indicate that the primary effect of electron bombard-
ment is defluorination of the polymer's surfaces to a depth
of at least several tens of angstroms. The availability of
hydrogen in PVF2 appears to cause marked differences in ob-
servable effects of electron beam bombardment which, as will
become apparent, tally with the effects of bulk irradiation of
these polymers by high energy radiation. The following dis-
cussion presents a likely scenario of events, a full account of

the process requires greater investigation.

The primary event in electron beam bombardment is
probably excitation or ionisation of a localised section of
the polymer chain. Core ionisation has been shown for the

Fls levels to be relatively insignificant in terms of observable

damage. However ionisation of higher lying, core like leVels,
e.g. the F,_ levels, has recently been shown to be significant29
in ESD in yields from condensed organic molecules. Such pro-

cesses have cross sections of the same order of magnitude as
"true' valence level jonisation. Cross sections for valence
ionisation 127 excitation131 and electron attachment131 in-
crease with decreasing electron energy and the role of low
energy secondary electrons is likely to be most significant.

It is worthy noting that changes observed in this study are

similar to those recently reported in an investigation of the



argon ion beam bombardment of fluoropolymer surfaces. The
common factor between the two treatments is the copious source
of low energy secondary electrons.

Reaction in the cation manifold is probably a
minor process, although Briggs128 has reported an ESD spectrum
of PTFE, positive ion yields are likely to be significantly
lower than neutral yields. Thus for both polymers cations
formed are likely to be rapidly quenched by the large flux of
low energy secondary electrons to leave localised excitations
in the polymer chain with energies greater than that required
for band cleavage. (It should be remembered that the per-
fluoroalkanes were commonly used as solvents in the early days
of vacuum u.v. spectroscopy because of their transparency to
light down to wavelengths of 15008 253 1.e. Rydberg states have
energies of ~8eV or more). The large -slow electron flux will
also give rise to electron attached species, dissociation of
fluoride ions from which is favoured owing to the high electron

affinity of fluorine in relation to the C-F bond energy°131'24o

Considering firstly the case of PTFE, dissociative
electron attachment or homolytic fission of a C-F bond from a

localised excitation could both give rise to the radical I.

mmmCFz—EF CF .,y

e, 272 + F
%m%%CFZCFZCF2Nmm'_ %%NCF2CFCF2%%%
e , % . I
%%NCF2CF2CF2%@%%
+e” + F°

Alternatively main chain scission of a C-C bond,
which has a slight energetic preference to C-F fission (in terms

of ground state bond energies) can give rise to the radical II.
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wmmmCF2~CF2mwm _— mwmmcpzo + oCFzmmmm

I1

Radicals I and II have certainly been detected in

254,238 with an

the e.s.r. spectra of bulk irradiated PTFE,
estimate for the ratios of lO/l256 given for the in chain
(CFz—éF—CFZ) to the end chain (%CF2°) in PTFE irradiated <n
vacuo, although these values refer to relatively long lived
radicals. Indirect evidence for chain scission is provided

in the present study for the formation of terminal -CF, groups

3
in the initial stages of bombardment, arising from fluorine

atom addition to I,

WvuwCF.Le + Fo ——o vuyCE

2 3

such a reaction being more likely in the subsurface than the

surface.

The origin of the fluorine atom could be from
formation of I, or disproportion of two terminal radicals which,

due to the cage effect have been kept adjacent to each other

W%WCFZ-CF2° °CF2CF2%N —0 %%%CFZ—CF3 + CF2=CFCF2%%%

A aE o
As previously stated conflicting reports"“a5”24° have been

made on the presence of gF3 groups in bulk irradiated PTFE,

244

although CF.,=CF- groups have been detected by i.r. spectro-

2
SCopy - The initial stages of irradiation in the present study
are also characterised by greater growth of CF and C functional-
ities. The formation of CF may be rationalised by the dispro-

portionation reaction above and by decay of radical I by elimin-

ation of another fluorine atom,

e.g. N%W%CFZ—CF-CF2°CF2WWN —D %%NCF2=CF=CF-CF2%N% +F°
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Radical I could conceivably crossliink although
this is sterically unlikely and certainly the rise in the
absolute intensity of the Cls level occurs when the fluorine
content of the polymer has been considerably reduced. The
totality of the ESCA data cannot be directly correlated with
loss of short chain perfluoroalkanes and alkenes, in the initial
stages of bombardment. Evolution of these gases certainly
occurs in high energy irradiation of PTFE, with CF4 in greatest
abundance and other alkenes and alkanes being detected up to

247, 248

C Irradiation of PTFE is a patented procedure

14°
for synthesis of the short and medium chain fluoroalkenes. Re-

reaction of a monomeric unit formed by irradiation could give

rise to a branched chain structure,245 e.g

—CFij———D ﬂAACFj{ELCF¥VM

2
K i
Fy

or

CFéHKT24-CEiIé —  WVWALE

b

From the onset of irradiation it is clear however that the proportion of
carbon not directly attached to'fluo?ine constantly grows, init-
ially corresponding to carbon in a fluorine environment but ultim-
ately with the position of this peak (BE < 285eV) corresponding
to 'graphitic' or conjugated carbon, and the asymmetry to high

binding energy as evident from the raising of the baseline.

Further, the component analysis as a function of

time and higher rate constants obtained from the decrease in
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the ng peak than from the Els peak suggests that CF2 groups
are not directly converted to C type carbon but via CF function-
ality. Abstraction of fluorine by a fluorine atom is unlikely

as this reaction is endothermic°257

Thus possible pathways include

ANV CF=CF-uuny —E:D mmmNCF=E§*mmm — mmmwché—Cmemm
ITT
The steric hindrance on III due to F groups being
absent, crosslinking or branching is now possible and the form-
ation of a complex, carbonaceous network may proceed from such
a species. This point will be returned to at a later stage.

The preceding discussion may be conveniently summarised in the

reaction scheme shown below, which is by no means exhaustive.

- * -
ity

+
mmmCFz - CFj::B_F,
mCFz—E:F—CFZm + F°,F ANCE S HCF,=CPvvy CR=CF
. ACF .
- . FENE 2 ACF
e ,~F 3
.F
ANNCE,~CE=CF w CF, F lgf,s o=
\\é/ﬁTfm 4
n MCFCE,
C—F ~C.F
mmmCFi// CFiva ~r° 24
AMACE ,~CF=C" W ACF -C=CFWv  Saturated ~"CF—Of CF. =CFw

2 2\,, Ccrosslinked 2
network (unlikely

x2 CF
N\
> e
VN\CF=C-C=CF"VVV N
I

Further changes to a conjugated network
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The major difference between bombardment of PVF2
and PTFE is the higher proportion of QF3 functionalities formed
in PTFE and homogeneity within the surface and subsurface
regions for PVF2° These observations can be rationalised on
the basis of HF elimination (Z.e. relatively unreactive compound

to F°) being the dominant mode of fluorine loss from PVF2°

The data presented also indicate that loss of CF2
groups from a chain occurs via 9F2->EF processas rather than

QF2-+Q type processes.

The possibility of crosslinking in PVF2 is also
feasible from the onset of irradiation since the steric hindrance of
complete fluorine substitution is removed. The formation
of unsaturation in PVF2 during o radiolysis as revealed by
iorq2 and more significantly a detailed EPR and ENDOR 258
analysis. The latter study revealed that upon irradiation a
polyene network, +é=é§n with an average value from n of ~7,
evidence for a polyenic network in the present study is provided
by the appearance of asymmetry in the Cls' Fls and FZs peak for

extended irradiation times, indicating the presence of a con-

jugated unsaturated system.

A likely reaction scheme can therefore be envisaged

to begin by initial C-C,C-H or C-F cleavage

vy uwCH,=CF ,~CH v ——D A nCHA,=-CF~-CH + H°

2 2 2 2 2,I
m%%CFz-CHz—CFmem —_— wmmCFZ—CH—CFme + H
%%%CFZ—CHZ%wm —_— mmmcF2° + °CH2mwm

Crosslinking may occur by combination of chain radicals, e.g.
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mwNCH2-§F=CH2mmm %%%CHZ\\ F//Cﬂzmmm
., . &
mmmCFz—CH—CFzmmm mmmcpé// \\CFZNNN

Detailed component analysis of the Cls spectra in the initial
stages of bombardment does reveal that CF functionalities are
predominantly in a non-fluorinated environment, that is, at a
BE of ~288eV indicating that the crosslinking reaction above
is favoured over the recombination of two radicals of type I.
The fluorine and hydrogen atoms generated in the initial re-
actions may then abstract another hydrogen or fluorine atom

propagating the generation of radicals in the chain

Cr,-CH,-CF —E—D 4CF

2 2 2 ~CH-CF2—§ + HF

2

The elimination of HF from such a radical may be envisaged

as the key reaction which generates unsaturation. Unimolec-
ular elimination of HF from an excited chain segment will also
introduce unsaturation. The continued elimination of HF,
together with crosslinking reactions will ultimately give a
network of polyene structures: the driving force for all
these reactions being the favourable heat of formation of HF.
Loss of H, from the chain, or abstraction of H° by free H
atom may also be occurring, the removal of fluorine as F2 is

again not envisaged to be favourable however.
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CHAPTER FIVE

AN ESCA INVESTIGATION OF THE LOW ENERGY

ELECTRON BEAM POLYMERISATION

OF THE FLUOROBENZENES
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5.1 Introduction

. . . . 2 .
There is growing commercial interest >9 in the use of

the electron beam for polymer processing. The automobile?‘ﬁg’261
industry in particular has examples of electron beam‘curing
plants in daily operation. The advantages offered by elect-
ron beam curing over the conventional curing process of stoving

include greater curing speed (Vv3s versus several minutes),261

262,263 14y space requirements and lower

less solvent loss,
energy consumption, (high solid loadings and waste solvent
disposal are also added bonuses). There are, however, still
problems. The materials to be cured still tend to be more
expensive and in some cases can be unpleasant to use.,260
Installation costs also tend to be higher than a traditional

plant. However uses of high energy electron beams are spread-
ing.

This chapter presents the results of an investigation of
polymerisation of organic materials by low energy electron beams.
Although processes occurring are similar for high electron
energy beams the great difference is the path length of the
electrons. Thus these studies were performed <n vacuo and a
thin f£film was synthesised. To allow comparison with plasma
polymerisation the starting materials used were the series of
fluorobenzenes, hexafluorobenzene down to fluorobenzene. The
plasma polymerisation of these compounds has formed the basis
for several detailed investigations with the particular emphasis
being the use of ESCA.,217_221 This is the first investigation
of the structure and bonding of any low energy electron beam
polymers by ESCA. There have been several investigations of

low energy electron beam polymerised materials where the elect-
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rical properties of materials used were the only form of
characterisation. The next section gives a review of this

work.

5.1.1 Previous studies of polymers produced by
low energy electron beams

The coincidental formation of thin contaminant
polymeric films had been observed in several early electron
. . . . 265-267
microscopy investigations.

Ennos 268,269

showed that contaminant polymer films
originated from the interaction of electrons with organic
molecules adsorbed on metallic substrates. The backstreaming
of diffusion pump ©0il was realised to be the source of the
organic monomer molecules. Poole270 suggested, from a study
of electron bombardment of metals with Apiezon grease in the
vacuum system, that film formation proceeds by free radical

polymerisation of adsorbed molecules followed by electron beam

crosslinking.

Investigation in the field was directed towards
prevention of these films until the suggestion that the polymers
produced could find a use as electrical thin f£ilm insulators
for circuit fabrication°271 Subsequently several investigations
in the 1960s were carried out which concentrated on measurement
of electrical properties of films produced by bombardment of
substrates in vacuum systems rich in silicone oil vapour;
Christy272 studied rates of formation of films produced from

DC704 diffusion pump oil as a function of electron beam current,

0il pressure and substrate temperature.
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On varying the current density from 70 to Vv450pA
cm-2 at a substrate temperature of 25°C the rate of film form-
ation increases from 0,178 s-l to 0032 s-l, as can be seen

from Figa5°l°272 A saturation rate occurs at higher current

gnamﬁk&yé? R !
rate g

(A/sec)

1 { i 1
05 0 1% 20
electron current
(mA/cm?)

films with bombarding current

densities. The rate also decreases on increasing the sub-
strate temperature, an observation previously observed by
Ennos. A phenomenological theory developed by Christy

related the rate of film formation, R, to the current density, £,
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molecular volume of the monomer, v, the cross section for
crosslinking electron-molecule collision,0, the molecular flux

at the substrate, F and the effective molecular area, a, by

R = vE
T 1+l/0tf (egn. 5.1)

at low pressures and

R = (¢/a)vF (egn. 5.2)

at high pressures,-where 1 is the mean stay time of the adsorbed molecule.

Christy's measurements did not differentiate between
the high energy primary electrons and the lower energy second-
aries. An extensive study of the secondary electron emission
from growing films of electron beam polymerised DC-704 was
however carried out by Mann.273 Although the nature of the
experiments precluded any guantitative information, the growth
raﬁe of the polymer film was found to be dependent on secondary
emission. This result is consistent with the finding, in a
study of polymerisation in electron mirror microscope systems
by Mayerf,z74 that electron energies as low as 6eV could initiate
polymer film formation from residual pump oil wvapours. It is
relevant to note here that glow discharges used in plasma poly-
merisation are characterised by average electron energies of
’bl-—lOeV.276 Although plasma polymerisations occur via complic-
ated free radical and ionic mechanisms which are not fully under-
stood, reaction causing polymerisation is predominantly by

collision of an electron277 with a monomer molecule.

Subsequent studies on electron beam polymerised

DC-704 films have investigated wvarious electrical properties
278 277-281

including dielectric constant, conductivity (dark current)

and photoconductivity,280 Dark current measurements indicate
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that conductivity increases with bombardment time. On
exposure of the films to airrconductivity drops by several
orders of magnitude. This latter observation has been taken
as evidence of the role of trapped free radicals acting as
donors and acceptors in the conduction process, since an
electronic rather than ionic conduction mechanism is also
inferred from the observation that conductivity remains con-
stant at a fixed voltage. Photoconductivity measurements
give a band gap “v2eV with small carrier mobility. These
findings altogether indicate that the polymer films are highly
crosslinked structures, more akin to an inorganic amorphous
semiconductor than a conventional polymer. However i.r.
evidence is reported to indicate that methyl and phenyl groups

are still present,282

Electron beam polymerisation of DC704 vapours in
the presence of other gases gives films which have unsatis-
factory electrical properties in terms of reproducibility?83
The search for thin films with suitable electrical properties
prompted the uses of different starting materials in several
investigations. An investigation of the polymerisation of
1,3 butadiene284 vapour indicated that reaction took place at
the surface of the substrate rather than in the gas phase.
Active sites, formed by electron beam collision of an adsorbed
molecule, which propagate the polymerisation process were as-
signed tentatively as being cationic, with an average lifetime
of V3 minutes.

A study of polymerisation of divinylbenzene5285

onto a substrate held at -80°C was found to give very high

rates of deposition, which were independent of beam current.
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A more recent study does show rates which are dependent on

beam current,286 when the substrate temperature is closer to

ambient. Retention of unpolymerised material in the former
study may be partly responsible for the high rates observed.

Gregor has reported electrical properties of

87 288

electron beam polymerised epoxy resin2 and epichlorohydrin,

and published several reviews289-'291 on thin film dielectrics

in the late 1960s and early 1970s. His later reviews tended291
to neglect electron beam polymers, which reflected the shift in
the electronics industry away from research into the use of

polymer films as intrinsic components of integrated circuits.

(Polymer resists play an essential role however in device fab-

rication).

Increased interest was at the time shown in the
formation of thin organic films by plasma polymerisation,295
Langmuir-Blodgett techniques294 and u.v. photolysis.,292 Photo-

polymerisation at surfaces has been studied in detail by Wright.
The technique involves irradiation of a surface in an atmosphere
of the starting material. The process is thought to proceed
by adsorption of the monomer followed by photochemical excit-
ation. The role of the surface is indicated by negative activ-
ation energies of polymerisation. Adsorption tends also to
lower the excitation energy since, for example, C4Cl6 may be
polymerised using light at wavelengths larger (%19002) than

its excitation energy. Plasma polymerisation involves some
degree of heterogeneous and homogeneous reactions initiated

by low energy electrons and involving a variety of species in-

cluding ions and excited state neutrals and metastables.

The number of publications in the field of low

energy electron beam polymerisation has greatly decreased. A
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notable exception was the investigation by Frost293 and co-
workers on the structure and mechanism of formation of polymer
films formed by bombardment of various monomers including per-
fluorobutene. Irradiation of monomers in the gas phase gave
polymers distinctively different from those produced by poly-
merisation of the condensed monomer, due to different mechanisms
of formation. Gaseous polymerisation proceeds by negative

ion fragmentation in the gas phase followed by adsorption
whereas for condensed multilayers film growth occurs by elect-

ron initiation.

86 has studied the gas phase deposition

Fritzsche2
of thin films by electron beam and ion beam induced polymeris-

ation both experimentally and theoretically.

By assuming a free radical growth mechanism,experi-
mentai growth rates were used to determine a cross section for
activation of polymerisation of V2 x lO_4 cm2° By pulsing the
electron beam the lifetime of active centres was found to be
about half a second. Ion beam polymerisation was shown to be
a more efficient process, in terms of dose yield. However the

total charge necessary to deposit a 100nm layer could be

O.lSC/cm2°

Most processes involving high energy electrons
(i.e. 100keV or over) have been recognised for three decades,
after the pioneering work led by Charlesbyl7o and Chapiro‘.171
Polymerisation by high energy radiation generally proceeds by
free radical chain carriers, although there are specific cases

where an ionic mechanism is favoured. Ionic mechanisms have

been shown to occur for systems such as isobutylene, butadiene
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and isoprene by the observation of greater degrees of polymer-
isation as the temperature is lowered. The radiation induced
polymerisation of isobutylene in particular had a negative
activation energy. The occurrence of solid state polymeris-
ations induced by high energy radiation, especially at low
temperature, is also taken as evidence for ionic polymerisation.
The rationale behind this is that in solids charge neutraliz-
ation of the ion is slowed down owing to the limited mobility
of the ions in a solid. The radiation polymerisation of hexa-
methylcyclotrisiloxane for example, occurs by an ionic chain
procéss which under optimum conditions consumes 450 molecules
per 100eV of ionising radiation adsorbed. In the present study
differentiation between ionic and radical mechanisms is not
straightforward, since for initially closed shell unsaturated
systems the definitions are not mutually exclusive and charged

radicals undoubtedly play an important role.

5.2 Experimental

Polymers were prepared by deposition of the appropriate
monomer onto a cooled gold substrate and subsequent bombardment
of the condensed monomer by 2kV electrons. This was all
carried out in the sample preparation chamber directly attached
to the ES300 spectrometer described in Chapter One. Typical

9 8

pressures during bombardment were n5x10 © - 1x10 ° T.

Gold was chosen as a substrate because of its chemical
inertness and its excellent thermal conductivity properties,
essential for uniform coverage of the monomer. The gold sheet
(Johnson-Matthey) was cut using scissors to give a rectangle
slightly wider and longer than the pfobe tip which itself was

%20 x 8mm. The gold was thoroughly polished using "Brasso"



followed py a distilled water rinse and was screwed down onto
a copper probe tip again to give good thermal contact. After
a final rinse with high grade organic solvent (methanol) the

gold was placed in an inductively coupled r.f. hydrogen plasma

operating at “50W and <0.1T pressure.

The sample was then placed into the analysis position of
the spectrometer via the sample preparation chamber and Au4f7/2

and Cls spectra were taken to check the cleanliness of the gold.

If clean, the substrate was withdrawn into the preparation
chamber to a position, determined earlier, where the electron
beam would impinge on an area 10 x 6mm at the centre of the

probe tip.

The cooling for the probe was started and the temperature
allowed to gradually decrease to -120°c. Cooling is carried
out by drawing liquid nitrogen along the inside of the probe
shaft to a stud compressed against the interior of the probe
ending. Temperature is fully controllable and determined by
a thermocouple in contact with the stud. The cooling was
allowed to equilibriate by leaving for ~% hour. Delay is
recommended by the manufacturers. Uneven coverage of the sub-

strate was found to occur if the time allowed to elapse was

shorter.

A reservoir shaft, shown schematically in Fig. 5.2 was
introduced into the preparation chamber so that its end was

directed towards the probe tip from a distance of ~4".

The monomers used were the series of fluorobenzenes, per-
fluorobenzene, pentafluorobenzene, 1,2,3,5 tetra-fluorobenzene,
1,3,5 trifluorobenzene, orthodifluorobenzene and monofluoro-

benzene all of which were research-grade samples from Bristol
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Figure 5.2 Schematic of reservoir shaft
Organic Ltd. These were chosen for several reasons, which

may be summarised as follows:
(i) The plasma polymerisation of these compounds has
been the subject of several detailed investigations with ESCA

as .a means of providing the main eource of ‘imformation regarding their
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structure and bonding.,217_22l

(ii) Fluorine substituents have been shown to give a
very wide range of binding energies within the Cls envelope,
thus —gF3y -CF,, CF and C functionalities are readily observ-

able from the ESCA data.

(iii) Apart from plasma polymerisation, these compounds
are not readily polymerisable by conventional means, giving
the electron beam polymerisation of these compounds added

novelty.

About 5ul of the appropriate monomer was injected into
the reservoir shaft via a septum using a 1lOul syringe. In
its normal mode of operation, Z.e. the introduction of liquids
into UHV for their ESCA analysis a metrosil leak seal allows a
very slow inlet of the sample in the vapour phase so that depos-
ition onto a cooled substrate may be finely controlled. This
allows constant removal and replenishment of the sample in mono-
layer quantities hence obviating X-radiation damage effects.
However for its present use a valve by-passing the metrosil
leak was opened until a film was clearly visible on the cooled
substrate. The reservoir shaft was then withdrawn from the
UHV region of the sample preparation chamber. During depos-
ition the pressure in the system rose to %10_5T, due to some

fluorobenzene not condensing, but on removal of the reservoir

shaft dropped to mlo—gT, with the monomer frozen onto the sub-
strate. The condensed film was then irradiated with 2kV
electrons at a known dose (v5uA) for thirty minutes. The

probe was then left to reach ambient temperatures in its orig-

inal position.



197

A major pressure rise occurred in all cases at nv—-100°C
corresponding to unexposed monomer boiling off, mainly from
the end of the probe shaft. This left a clearly visible thin
film covering the area on the substrate which had been bombarded
by the electron beam. The sample was then pushed through to
the analysis position and the Cls’ Fls’ FZS’ Audf and OlS
spectra taken using MgKo excitation at two take-off angles.

The spectra were recorded on the DS300 data system in digital

fashion as described in Chapter One.

In a separate series of experiments condensed hexafluoro-
benzene was bombarded for varying times, the experimental pro-
cedure being identical to that described above except a de-
focussed beam was rastered over an area of 0.8 x 1l.5cm with
a beam current, as measured on a blank side of the copper probe
tip, being Vv0.4uyA using the circuit shown in Fig. 4.3, Chapter

Four.

5.3 Results and Discussion

5.3.1 Electron beam polymer composition and gross
chemical structure as a function of starting material

(a) Hexafluorobenzene

Before discussion of the ESCA investigation it is worth-
while to discuss some general points arising from the polymer-
isation of condensed hexafluorobenzene which are also applic-

able to the rest of the series.

Following irradiation of the monomer some darkening could

clearly be seen in the area of the condensed film which had



undergone electron bombardment. By allowing the probe to
warm up from -120°C a significant pressure rise in the system

8 to lO—4T) occurred at -100°C. This was observed

(from ~v10
to be due to the evaporation of the residual monomer from

areas of the probe tip not treated by the electron beam. On
removal of the excess monomer a thin film adhering to the gold
substrate could clearly be observed on the bombarded area of

the substrate. Thus the monomer had undergone a substantial
increase in molecular weight since the solid remaining was stable
at UHV pressures of %lo—sT. In later experiments where the
total electron dose received by the condensed monomer was re-
duced more than one pressure rise was observed to occur pre-
sumably corresponding to the removal of successive oligomers

although the temperatures at which these came off were not

reproducible from one run to another.

Optical and scanning electron microscopy studies of the
films revealed that they were pinhole free, essentially flat
surfaces. At its perimeter the polymer formed did not have
a sharp cutoff but showed a gradual decrease in thickness.
Hutton has noted that for analogous but thinner films formed
by argon ion bombardmené%Brapid warming of the films resulted

in the formation of a reticulated structure on the substrate,

but in the present study this effect was not observed.

The prime objective of this work was to investigate the
gross chemical structures of electron beam polymers and so no
direct measurement of film thickness was undertaken. However
during the initial deposition of the monomer the developing
film displayed variation in colour due to interference of in-

cident light such that the same colour, e.g. green was observed



at least four times. Thus the films formed were of the order
of at least four times the wavelength of visible light, v<z.

over 2um.

The f£ilm was also examined in a transmission electron
microscope adapted to perform RHEED, (Reflection High—-Energy
Electron Diffraction). RHEED can give information on the sur-
face atomic arrangement of the sample by measurement of the
diffraction pattern formed by a beam of high energy electrons
following impingement of the sample surface at grazing incid-
ence. For the samples provided, which were only partially
covered by electron beam polymer, a clear sharp diffraction
pattern was observed when the beam struck an area of the sample

not covered by polymer, but no such pattern was observed on

analysis of the polymer covered surface. This indicates that
the film was largely amorphous in nature. The dose delivered
2 AT mvvem m el e mnm bl S e arcsmermnn vvmasarr L mames mnm A Aragmd e Rlam AT
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ment the film was visibly observed to degrade and so the data

should be treated with caution.

A major indication of the crosslinked nature of polymers
is provided by the lack of solubility in common solvents.
Although the quantity of film synthesised in the current study
rules out a quantitative investigation of film solubilities
common organic solvents, hexafluorobenzene itself, and water

were found to leave the film untouched.

A major problem in the initial stages of the investig-
ation was large gquantities of oxygen present in the films.
The probable source of this was water particularly present in
the Sample Analysis chamber. (The sample preparation chamber

where the films were obtained was not subjected to the brusque
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treatment the analysis chamber was, where some routinely run
samples contained larcge guantities of water). Freguent baking
and the use of a titanium sublimation pump was found to reduce
any Ols signal to 1% of the Cls intensity although earlier
films were found to contain varying quantities of oxygen,

particularly if the ESCA analysis was carried out with the
probe at less than ~0°c,

F and F spectra of the polymer recorded at

The Ci47 Fig 2s

two take-off angles, viz. 30° and 70° are shown in Fig. 5.3.
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Figure 5.3 Cls’ Fls’ FZS spectra of the electron beam

polymer prepared from hexafluorobenzene

The beam current used was &OQSQA for a total time of 30 minutes.
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Visual inspection of the spectra reveals the similarity of
the core levels at the two take-off angles. Calculation
of the overall film stoichiometry from a knowledge of the

instrumental sensitivity factors and the F to C total in-

1s 1ls
. . . o} o
tensity ratios gives chO.63 and ClFO°7O for the 70~ and 30
take-off angle spectra respectively. These values are within

experimental error the same and reveal that the film is vert-
ically homogeneous in terms of fluorine to carbon content in
the surface and subsurface regions. Component analysis of

the C spectra has been performed in a manner similar to that

1s
previously carried out for spectra obtained from the plasma
polymer of hexafluorobenzene. Thus peaks corresponding to

g—CFn, CFr, gF—CFn, ng, CF, and a m»7* shakeup satellite of

3
the CF peak at binding energies of "286.8eV, 288.6eV, "v289.4eV,
n291,.7eV, v293.9eV and v296.0eV have been fitted. In addition
a peak at 285.0eV, corresponding to carbon with neither a

nor B fluorine atoms present was necessary, the nature of this
peak will shortly become apparent. Such a component analysis
gives a stoichiometry of ClF°7l and ClF°73 for the 70°and 30°
spectra, in excellent agreement with the Fls/cls calculated
stoichiometries. The two sets of data indicate that fluorine
loss has occurred to the same degree at both 30° and 70° samp-
ling depths, a further indication of the film's homogeneity is
provided by the Fls/F2S intensity ratios, beingnv7.2-7.6 for the

two take-off angles, 7i.e. comparable to vertically homogeneous

model polymers.

The component analysis indicates that substantial loss of
CF features has occurred, since in the monomer the CF peak at

289.5eV is ~90% of the total Cls envelope, the remaining 10%
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being due to a m»7m* shake-up satellite at "V296eVv. In the

polymer the peaks due to CF functionalities have a reduced
contribution of v40%, the 7w-+7* shake-up peak at 296eV is

still present, with an intensity of 7% of the parent CF

peak. Thus retention of unsaturation associated with CF
functionalities is indicated although to a lesser degree than

in the monomer. Evidence for molecular rearrangement accom-
panying polymerisation is seen from the presence of ng function-
alities (which contribute V12% at both take-off angles) and also
from a small (v2%) contribution of features corrésponding to

CF, functionalities. The relative contributions of the latter
two features are remarkably similar to those observed in the
plasmazw and argon ion beam203 polymerisation of hexafluoro-
benzene, the plasma polymerised films however having greater
overall fluorihe content than the electron beam and ion beam

203
polymers.

The spectra obtained from the electron beam polymer also
show a substantial contribution to the ClS envelope of features
not directly bonded to fluorine. Line shape analysis allows
differentiation of these features into two groups: (a) carbon
with fluorine at a 8 position, and (b) carbon with no fluorine
at either the o or B position. In plasma polymerised hexa-

217,218 1o latter were shown to be due to hydro-

fluorobenzene
carbon overlayer arising from deposition of residual hydrocarbon
in the vacuum system utilised. It is of interest therefore

to ascertain whether such is the case in the electron beam poly-

mer using a simple substrate overlayer model.

With uniform coverage of an overlayer, the intensity ratio

of the hydrocarbon to the rest of the Cls envelope is given by
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-d
Io _ 1-e /Xcose_ d/kcose
T = g = e -1 (egn. 5.3)
R’/ B e %/ \cosh
where d, A and 6 have their usual meanings. For the 7OO
I
spectra TQ = .15 giving 4 = .678, This is less than mono-
R

layer thickness(WSR) and so coverage if present must be due
to a patched overlayer. Modifying eqn. 5.3 to take account

of fractional coverage x of overlayer gives

Io  x(1 - e Acose)
| = s 7S W (egn. 5.4)
R/ 6 (1-x) + x e cos
Io
By numerically calculating values of - from eqn. 5.4 for a
R

range of values of x and d (in 5% steps) comparison may be made

with the experimental data.

For the present case best agreement is found for fractional

- -0

monoldyer coveidye, .. U — DA, WLLI X — OU.Z. Tile reldative
I
. . . 0 . o}
intensity ratio T calculated using these values for the 30
R

take-off angle is V0.07 where the observed contribution is 15%.
Thus the C type carbons at v285eV are not due to overlayer
coverage but are incorporated in the polymer f£ilm, in marked
contrast to the case found for plasma polymerised hexafluoro-
benzene. This is consistent with the expectations based on the
F/C stoichiometries for the two films. Thus whereas for the
electron beam polymer the stoichiometry is lower in fluorine
than for the starting material for the plasma polymer under

most conditions it remains the same.

In Chapter Four it was shown that at room temperature
electron beam bombardment of clean gold causes a small increase

in the intensity of the Cls peak occurring in the ~285eV region
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showing that a low level of electron beam induced adsorption
or polymerisation of residual vacuum gases was occurring even
at these very low (mlo_9 Torr) pressures and beam doses.
Fluorine loss was also shown to occur to a much greater degree
than adsorption on electron beam bombardment, with CF2 groups
in PTFE and PVF2 gradually losing fluorine and giving a sur-
face predominantly of carbonaceous nature. It would appear
that the latter process accompanies the electron beam polymer-

isation, electron stimulated adsorption being insjignificant.

Some molecular rearrangement does appear to be occurring
in the electron beam process, evident from the appearance of
peaks arising from CF2 (v12% of the total Cls envelope) and
CF3 (<2%) groups. Thqbls spectra of plasma polymerised per-
fluorobenzene also revealed218 evidence for extensive molecuEQQle

rearrangement with components appropriate to CF3 and CF2 groups

of increased intensity.

(b) Pentaflucrobenzene

Bombardment of condensed pentafluorobenzene under the
same conditions as for hexafluorobenzene (viz. 2kV beam energy;
5uA beam current as measured on the probe tip; sample cooled
at constant -1200C) produced a polymer where Cls’ Fls and Fzs
spectra recorded at two take-off angles (30° + 700) are shown

in Fig. 5.4.

The stoichiometries of the films calculated from ClS/Fls

. o A
ratios are found to be ClFO°56 for the 30" spectra and(ﬁﬁboqg
for the 70° spectra. These data are indicative of the homo-

geneity of the film within the different sampling depths
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Figure 5.4 Cls' Fls’ F2S spectra of the electron beam

polymer prepared from pentafluorobenzene

of the two take-off angles, also revealed by the Fls/Fzs ratios
at both 30° and 70° which are close to those derived for homo-
geneous polymers. Line shape analysis of the Cls spectra has
been carried out using the same philosophy as that for the
hexafluorobenzene polymers, with peaks assigned initially,

in order of increasing binding energy, as QH,Q—CFn, CF, gF—CFn,
CF,, CF4y and a m>m* shake-up satellite of the CF peak. The
stoichiometries calculated from this analysis are ClFO°63 and

ClFO 707 in relatively poor overall agreement with the data
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calculated from the F intensity ratio. If the peak

ls/cls

at v293.5eV, originally assigned as arising from CF3 structural
features,and having a relative intensity of "3.5% of the total

C envelope,is alternatively assigned as being due to a w»7n¥

1s
satellite of the C—CFn component centred at ~286.3eV, the

stoichiometries as calculated from Cls contributions become

o o .
FO°56 and C1F0°58 for 307 and 70 . A schematic of the peak

fitting procedure is shown in Fig. 5.5.

C1

The major difference between these spectra and the spectra
obtained for the perfluorobenzene electron beam polymer is the
significant drop in the contribution of CF2 components to the

C spectra (a drop from ~12% to 6%). Also evident from in-

1s

spection of the C spectra is the apparent shift of the peak

1s
at ~286.3, corresponding to carbons not directly bonded to

fluorine but with an adjacent CF group, to lower binding energy.
This is consistent with the lower flucorinc cConteunt Or the tilms.

The binding energy of the centroid of the Fls peak shows a

97

decrease of v4eV in binding energy2 corresponding also to

the lesser degree of fluorination.

Comparison with the pentafluorobenzene plasma polymers218

reveals differences similar to those observed between the hexa-
fluorobenzene polymers prepared by the two techniques. The
fluorine content of the electron beam polymers is again lower
than the plasma polymers (which had typical stoiéhiometries

'\:ClFO 75). The uniformity in terms of vertical homogeneity in

the plasma polymers is also observed in the electron beam polymer.

The C s spectra of the electron beam polymer do not reveal the

1
same extent of molecular rearrangement as was the case in the

pentafluorcbenzene plasma polymer,218 since relative contributions
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arising from CF2 and CF3 functionalities are lower in the
electron beam polymer. However less §F3 and EFZ groups may
be indicative also of defluorination of the initially re-

arranged product.

Substrate overlayer calculations detailed in section 5,3.1(a)
also reveal that C type features giving the peak at V285eV
are incorporated in the polymer film and are not due to a hydro-
carbon overlayer. Thus again electron beam irradiation has
produced a significant proportion (15%) of carbonaceous material

not present initially in the monomer.

(c) Tetrafluorobenzene

The 1,2,3,5 isomer of tetrafluorocbenzene, bombarded under
the same conditions as hexa- and pentafluorobenzene yielded a
1s’ Fls and F2
Inspection of the C,_, core level spectra immediatelv reveals

polymer whose C s spectra are shown in Fig.5.6.
less contribution of components due to CF2 and CF functionalities
than that observed in the perfluorobenzene and pentafluoro-
benzene cases: stoichiometries derived from the FlS/Cls ratios

being ClF at 30° and C,F at 70°. Peak fitting of the

0.47 170.45

C envelope was performed as previously described for the per-

1s
fluorobenzene and pentafluorobenzene electron beam polymers,
however assignment of the peak at 293.6eV to CF3 functionalities
again causes severe discrepancy to occur between stoichiometries
calculated by consideration of the FlS/Cls intensity ratios and
those from component analysis of the Cls envelope at both take-
off angles. Assignment of this peak to the m»m* shake-up

satellite of the C-CFn peak at v286.6eV brings the stoichiometries

calculated by the two methods to close agreement, as can be
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Figure 5.6 Cls’ Fls and FZS spectra of electron beam

polymerised tetrafluorobenzene

seen from Fig.5.6. Such an assignment however gives an un-
usually high intensity, v13%, of the shake-up transition com-
pared to its parent peak. Thus features at v2%93.6eV are pro-
bably attributable to both CF3 and m>1* shake-up transitions
but to what extent each contributes cannot be accurately

assigned.

The proximity of stoichiometries calculated from the 70°
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and 30° data reveals that the films formed are again vertically
homogeneous. This is confirmed by close inspection of the com-

ponent analysis of the C spectra where intensities due to

1s
various structural features are very similar at the two take-
off angles, and also by the proximity of the Fls/FZS ratios.
Comparison with the data reported for the polymer prepared
by plasma polymerising 1,2,3,5 tetrafluorobenzene219 indicates
again that there is less fluorine incorporation in the electron
beam polymer, since the former had derived stoichiometries very

close to that of the starting monomer (ClF ) whereas the

0.67
electron beam polymer has ~33% less fluorine. A smaller
proportion of CF2 groups in the electron beam polymer compared
to plasma polymers is again shown to be the case, indicative
of less rearrangement occurring in the electron beam polymer-

&

isation process.

(d) Trifluorobenzene

The polymer formed by bombardment of condensed 1,3,5
trifluorobenzene under the same conditions as the other fluoro-
benzenes yielded Cls' FlS and FZS spectra shown in Fig. SQ?,

The stoichiometries derived from the FlS/Cls ratios at the

two different take-off angles are within experimental error, the
same, viz. 0.30 at 30° and 0.31 at 700, indicative of the vert-
ically homogeneous nature of the film, also confirmed by the
FlS/F25 ratio. The stoichiometries show that the trifluoro-
benzene electron beam polymer is lower in fluorine content than
polymers prepared from the tetra-, penta- and hexa-fluorobenzenes.

This may also be seen by inspection of the C envelopes, which

1s

reveal a much lower contribution to the band profile from CF

components and deconvolution of the C,g envelope, in a manner
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Figure 5.7 C F and Fzs.spectra of electron beam

1SP ls. ............
polymerised trifluorobenzene

consistent with that used in fitting C,  spectra of the hexa-,
penta- and tetra-fluorobenzene electron beam polymers, indicates
this trend in a more quantitative fashion. However even

assuming that all of the signal assigned to CF., components is

3
due to m+m* shake-up transitions, the fluorine content as cal-

culated from the C envelope is- slightly higher than the

1s

F computed stoichiometry. This indicates that some of the

ls/Cls
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signal intensity originally assigned to QFZ features may be
due to a m>m* shake-up satellite peak of C-CF features fwhich
themselves have not been explicitly taken into account). Thus
the data reveal some retention of conjugative features, but
to what extent cannot be accurately judged. The FlS spectrum
at 30° take-off angle indicates some retention of conjugation
at =CF functionalities.

A previous investigation of the plasma polymers produced
from trifluorobenzene221 gave "a polymer stoichiometry, as
determined by both ESCA and bulk analysis, of C1F0°4p thus

the electron beam polymer is again less fluorinated than its

analogous plasma polymer.

(e) Difluorobenzene

The ortho isomer of difluorobenzene was polymerised under

Llhm sl o Tdnwnd mmn AL e rmm A F e LA .'.-:f--l. ~E Ll o~ :AT.-:A: &ﬁi
the Cls’ Fls and FZS level spectra of the product are shown in
Fig.5.8. The low fluorine content of the films is immediately

evident, with the peak due to =-CF at 288eV now just appearing
as a broadening asymmetry to the high binding energy side of

the main peak.

The low fluorine chtent of the film necessitates a
change in the line shape analysis for the Cls envelope. The
reason for this is the large contribution from C-CF functional-
ities occurring at "V.6eV to higher binding energy to the CH2 |
peak at 285eV. Thus the spectra were peak fitted assuming
the functionalities contributing to the overallCls profile were
CH,, C-CF, C-CF_, CF, CF-CF , CF, at binding energies of n285eV,
285.7eV, Vv286.6eV, v288eV, 288.%eV and 29%leV, Shake-up peaks

due to m*7T * shake-up transitions for the C-CF, C—CFn were also
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Figure 5.8 C

1s’ Fls and F25 spectra of electron beam

polymerised difluorobenzene

fittedvassuming a transition energy of ~7eV.

The stoichiometry calculated from the Cls component

. . (o]
contributions at both take-off angles (ClFO°15 at 307, C1F0,19
at 7oo)are close to that calculated from the Fls/Cls ratios
at 70°). The stoichiometry indicates

(c.F . at 30° and C.F

1.5 17 .18
that extensive fluorine loss has occurred, the stoichiometry

changing from ClFO 33 for the starting material to ClF 18 t-¢-
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a decrease of approximately 45%. The plasma polymerisation221

of orthodifluorocbenzene involved a ~20% decrease in fluorine
content, so again the electron beam polymerisation process

involves greater fluorine loss.

The electron beam polymer of orthodifluorobenzene, like
the plasma polymer, is shown by the angular dependent data to
be vertically homogeneous. This is considerably emphasised by
the proximity of the relative intensities of the Cls components,
evident from Fig.5.8. Additional evidence of homogeneity is
provided by the Flsﬁés intensity ratio at 300, however the 70°
ratio is relatively unreliable because of the low intensity of

the F peak giving poor counting statistics.

2s
- The mw»n* shake-up peaks, being relatively free from other

(e.g. CF CFz)groups; may be used as a test of conjugation

37
in the system. For both 70 and 30° take-off angles the m>7¥*
component contributes 6% of the major component at A285.7eV.

The chaka-nn companent of the C-CF_ peak has a corresponding
value of » 9% . Both these figures are indicative that a large
degree of unsaturation was retained by the electron beam polymer,
since typical intensities for m+7n* peaks are v11% of the parent
peak for monomeric perfluorobenzene. Evidence for unsaturated

CF features may also be taken from the small m»m* shake-up

transition ~7eV to the higher binding energy side of the Fls peak.

(f) Monofluorcbenzene

As would be expected,the polymer prepared by electron bom-
bardment of monofluorobenzene, under the same conditions as the
other fluorobenzenes, has the least amount of fluorine as re-

F and C spectra shown in Fig. 5.9. The

vealed by the F 1s

1s’ " 2s



215

200
eps

6=70°

1000
s

f! 6-30°

i 6000
cps

590 685 293 207 289 287 285 263

F2s BE (corn/ev | ® Cls

WHW ﬁkwmﬂﬂﬁwﬁﬂ mwg,»~=ﬁ>—g¢£} g
00 - 695

Figure 5.9 C,_, F and F

1s 1s 2s spectra of electron beam

F spectrum, of poor quality in terms of signal to noise ratio,

2s
is particularly affected by the low fluorine content, which,
coupled with the relatively low cross section for photoionis-

ation by MgKa X-rays, yields a low intensity peak.

1,2

Analysis of the ClS spectra was performed using peaks
corresponding to CH,, C-CF, C-CF , CF, CF-CF structural features
at binding energies of n285eV, 285.7eV, 286.6eV, 287.6eV and

288.5eV respectively. The broad peak centred around v292eV has
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been fitted as corresponding to two 7+>n* shake-up satellites.,

of the C-CF and CH, peaks. The average stoichiometry, ClFo 9

2
shows again that significant fluorine loss is occurring. How-=
ever in marked contrast to the rest of the series the fluorine

content of the electron beam polymer is significantly higher

than in the plasma polymerised monofluorobenzene.

Homogeneity of the electron beam polymer is shown again
by the great similarity of the 30° and 70° take-off angle data.
The intensity of the shake-up components is about 5% of their
parent peaks, indicative of substantial retention of conjugative
features. Such retention was only observed in the plasma
polymerisation of monofluorobenzene under mild conditions,221
viz. low power and, more critically, higher pressure. Evidence
for =CF structural features can be seen from the slight T

shake-up transition peak “v6eV to higher binding energy of the

main Fls peak in the electron beam polymer.

(g) Overall Comparison of Polymers Produced

The data presented in the previous sections indicate that
electron beam polymer composition is a function of the initial
starting material, in contrast to the majority of gas phase
electron beam deposition reactions where the polymer was envis-
aged to be largely independent of starting material. However
for all the polymers carbonaceous material, evident by a peak
at 285eV was incorporated in the film and not due to an extra-
neous hydrocarbon overlayer. The fluorine content of the
electron beam polymers also indicate that significant fluorine
loss had occurred. The structures of the polymer films produced

from electron bombardment of the isomeric fluorobenzenesindicate
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a complex relationship to those of the starting "monomers®.
dowever the structures are distinctive in each case although

at high beam current and extended bombardment times the ultimate
structures will inevitably tend to be similar for all of these

starting materials.

The variation of C:F stoichiometries relative to initial
‘monomer’ composition is shown in Fig.5.10, which emphasises
that substantial fluorine loss has occurred. The greatest

relative decrease occurs in the less fluorinatedstarting materials.
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~from 70° F1s/Cls data
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This is similar to the trend observed for the plasma polymers
of the fluorobenzenes221 where the starting material to polymer
stoichiometry ratios did vary over a large range, viz. from 1
for hexafluorobenzene to 0.3 for monofluorobenzene. Defluoro-
ination in both treatments therefore is favoured with greater
hydrogen content of the starting material, which indicates that
HF elimination aids defluorination. The loss of HF from the
starting material to yield a benzyne has been shown by MNDO SCF

219,221 in the case of tetréfluorobenzene, to be

calculations
less favourable energetically than isomerisation reactions,-uia
valence isomers and hexadienyne formations via fulvene. Separ-
ate calculations indicate that hydrogen substitution for fluorine
does not show any trend in stabilising or destabilising the
benzyne with respect to the parent fluorobenzene. Fluorine

elimination as HF may however occur in fulvene/hexadienyne:

scruciures ifourmed in tiie 1nitial stages of polymerisation.

Fluorine loss was significantly greater in the electron
beam polymerisation of the higher fluorinated systems with the

concomitant appearance of carbonaceous features.

The change in relative contributions of C, CF, and CF,
functionalities of the electron beam polymers as a function
of starting monomer may clearly be seen from Fig.5.1ll1. Thus
as would be expected C functionalities increase and CF decrease
with decreasing fluorine content of the starting monomer. The
greater fluorine content of the perfluorobenzene compared to penta-
fluorcobenzene is seen to be due solely to an increase in CF2
functionalities, indicative of greater rearrangement taking place

in the perfluorobenzene polymer.

The vertical homogeneity of the electron beam polymers

was in general shown to be uniform for the lower fluorinated
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members but greater fluorine loss was seen to occur at the
absolute surface of the penta- and per-fluorobenzene series.
Retention of some conijugated features is observed for all the
electron beam polymers by the presence of m+71* shake-up peaks

for both the Cls and Fls spectra.

These polymers showed very low levels of oxygen, typically
v1% of the carbon. This again is due to the UHV mode of pre-
paration. On exposure of the samples to air however the oxygen
level changed significantly;to ~5% of the carbon. This phenom-
enon was also observed in the plasma polymers where oxygen con-
tent of 7n s<tu polymerised films was far lower than those made
in free standing reactors, which necessitated exposure of the
sample to air prior to ESCA analysis. The position of the broad
Ols signal . = encompassing a wide range of functionalities,
and a "blurring" of the Cls peak indicates that the oxygen pre-
sent 1n the exposed samples has chemically reacted with the

electron beam polymer surface as opposed to uptake by a physio-

sorption process.

5.3.2 The Effect of Bombardment time on final
polymer structure '

In order to gain insight into possible processes
occurring in electron beam polymerisation a series of experiments
was carried out where the time of electron bombardment of the
condensed fluorobenzene was varied. The substrate used in all
cases was again gold. The electron beam however was now

2y,

rastered over a greater area of the probe tip (v1.0 cm
Hexafluorobenzene was chosen as the starting material since in

the previous sections it was found that -
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(i) The mode of fluorine loss in hexafluorobenzene may
be considered unigue to the electron beam process. Fluorine
loss in the other isomers appears to be complicated by a con-
volution of processes which also occur in plasma polymerisation

and those which are inherent in the electron beam processes.

(ii) The relative intensity of the —CF2 signal was highest
for the perfluorobenzene electron beam polymer. Occurrence
of CF2 functionalities is evidence of molecular rearrangement

processes occurring.

Separate experiments were therefore carried out on con-
densed multilayers of perfluorobenzene with electron beam bom-
bardment times of 1,3,7.5, 15 and 30 mins. In all cases the
beam current (Vv4pA as measured on the probe tip) and energy

(2kV) used were the same.

The ClS spectra at two take-off angles for the resulting
polymer are shown in Fig.5.12. As can be seen from Fig.5.12
substantial changes to the line shape are occurring, with

growth of features to the low binding energy side of the main

CF peak at n288.5eV. The treatment after 1 minute appears to

be anomalous, and substrate overlayer calculations indicate that
the peak at ~285eV is not incorporated in the film but is due

to an overlayer of, presumably, hydrocarbon material. For the
rest of the series the model calculations show that the C peak
is incorporated in the f£film. On removal of the effects of

the -CH, peak at 285eV binding energy it is found to follow a
definite trend. Line shape analysis of the Cls peaks has been
carried out along the lines of that described in section 3(i) (a)

of this chapter. Stoichiometries obtained from such fits were

found to be in agreement with those calculated from the FlS/Cls
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Figure 5.12 Cls‘ spectra of electron beam polymerised hexa-

fluorobenzene as a function of bombardment time
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ratio. These are shown in graphical form in Fig.5.13.
Fig.5.13 shows a definite trend of lower fluorine content
with increased bombardment time. Thus for low treatment
times the polymer stoichiometry is very close to the monomer.
This is quite logical since extrapolation to zero treatment
time should give a polymer of the identical stoichiometry to

the monomer, the yield would, however, be 0%.

70° 30° :
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w0\ - from Fis/Clsratio
?kijiixv“‘ .- 28beV comp removed
> Y - ~
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£
@]
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()]

Figure 5.13 Effect of bombardment time on measured
stoichiometry

The component data may be grouped together to give con-
tributions arising from C, CF, CF, and CF, functionalities

and these data are displayed in Fig. 5.14.
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It may be seen from Fig.5.14 that there is an initial
formation of CF, and CH groups with a concomitant decrease
in CF up until a treatment time of 3 minutes. After this

EFZ functionalities show a decreasing signal.

The initial formation of ng functionalities is evidence
for significant molecular rearrangement. The =>C peaks con-
tribute about the same as the >CF, after 1 min. treatment time,
and the overall stoichionetry is about the same as the starting
material. The w»>n* peak has also decreased to some extent.
Initially therefore fluorine migration accompanied by chain
formation is occurring. From the available data the linkages

could be between any one of the *C, 3CF or >CF, groups. There

2
is also an initial formation of —§F3 groups but to a much

2 functionalities.

smaller extent that >CF
After 1 minute pouuwdrament time there is still conversion

of 3CF to >CF, groups but at a much slower rate than initially.

2
Eventually a stage is reached where fluorine migration to give
>CF, groups will not be feasible because of the lower concen-
tration of 3CF. Under the constant bombardment of the beam;
however, defluorination is occurring from both CF2 and CF groups
but, as Fig.5.14 indicates, defluorination of >QF2 groups to
3CF functionalities between 3 and 7.5 min. bombardment time
cancels the effect of 9§F defluorination, since the % of ?ng
functionalities decreases whilst the %QF'component remains virt-

ually constant and the amount of carbon not bonded to fluorine

increases.

Prolonged treatment time (Z.e. 15+30 minutes) causes the

fluorine loss to continue, evident by the drop off in the =CF
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peak contribution and the increase of C type carbon.

Thus initial polymerisation is achieved in ~1 minute and
thereafter a combination of beam effects occurvwith defluorin-
ation predominating which would ultimately lead to a defluorin-
ated carbonaceous network similar to that envisaged to occur
in the electron beam irradiation of PTFE and PVF2 discussed
in Chapter Four. Plasma polymerisation is also thought298 to
occur via competing processes of polymerisation and ablation.
Although a study of chemical composition of films prepared from
hexafluorobenzene220 at various r.f. powers did reveal an
inverse relationship between fluorine content and power the
films were found to have stoichiometries of between ClFl and
ClFO°89 i.e. a smaller range than that observed in the electron
beam process.

The similarity of films produced by electron beam,ion
beam and plasma processes points to a common polymerisation

mechanism, which probably involves initiation by low energy

electrons, since these are present in all three treatments.

It is worthwhile to estimate the average yield, in terms
of chemical events, per primary electron bombarding the con-
densed hexafluorobenzene. To achieve this some measure of the
number of chemical events per molecule is needed, and an estimate

may be given by changes in the C S envelope. For example at

1
30° take-off angle and one minute treatment time the features
corresponding to CF:C:CF, functionalities are in the ratio 4:1:1.
Thus each molecule may be assumed to have undergone at least 2

events, since originally 6 CF groups are present in the starting

material.
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The total number of events may be calculated by consider-
ation of the number of molecules which are being investigated
by ESCA examination. This calculation is straightforward since
the number of molecules present in a layer of thickness 4,

area A, density p is given by

NI, = ﬁxAxde,

where N is Avogadro's number and M is the molecular weight.
Taking p as ~v1l.61lg cmn3 and d as the effective sampling depth

at angle 8, then the total number of events is given by

NE = X A X 3icosf X N. x 2

=lo

1.893 x 10%°

The dose viz 4pA over ~1 cm2 for one minute corresponds to

1.5 x lO14 electrons bombarding the target hence the yield

at 1 min. bombardment time is 25 events per primary electron.

A simiiar calculation for the 70° spectra gives a yield of

w12 events per primary electron. So the electron beam clearly
initiates a whole series of events whose nature is at present
uncertain. The large difference between the values obtained at
30%°nd 70° is understandable considering the large mean free
path of the impinging electrons compared to the sampling depth.
Assuming a mean free path of ~308 for 2keV electrons then the
total proportion of electrons passing through the layer corres-
ponding to 70° take-off angle sampling depth with no energy loss
is given by

N’e1=_exp(i%6§) = 0.619.

The implication of this figure is that ~38% of the original

beam flux has undergone energy loss on passage through the layer
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effectively observed at 70° take-off angle. A yield may

therefore be constructed correéponding to the number of events
caused by electrons which have undergone energy loss, and its
value at 70%is 32. A corresponding yvield for the 30° take-off

angle is 36.

Similar values for the spectra after 3 minutes are 15

and 13 for 30° and 70° spectra respectively.

It is clear from these values that an electron beam is
a very efficient chemical initiator. The large yields ob-
tained are indicative of the complex series of events occurring.
The lower yield values obtained for the 70° spectra may be in-
dicative of the role of secondary electrons in the polymeris-—

ation process. At the 30° C sampling depth less secondary

1ls

electrons, produced by ionisation caused by the primaries, will

lam ~lTm +m T ancea +lm mevanE
=

N bt i Y — N e v D b PPN

ionisation or excitation events to take place. This assumes
that the number of secondaries produced is constant over the 30°
and 70° sampling depths. This is not unreasonable since (i)
secondary electron emission studies of polymers indicate that

the number of secondaries produced at a depth x is independent

124

of x, (ii) semi-empirical theories of secondary electron

emission are based on the assumption that the depth dependence

of secondary production is proportional to the rate of energy

loss of the primary,163 The stopping power of polystyrene for

2keV electrons is about 0.827eV g-l i1.e. constant over a
363 distance°l6/
As mentioned earlier, the role of secondary electrons in

electron beam polymerisation has previously been reported,273

as has the observation that electron energies as low as 6eV

could initiate a gas phase polymerisation process°274
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Low energy electrons are also the initiating agent in
the plasma polymerisation process, and it is worthy of note
that the initial (Z.e¢. 1 min. treatment time) electron beam
polymer is the nearest to the plasma poiymers of hexafluoro-
benzene in terms of stoichiometry (when the effects of extra-
neous H/C are taken into account) indicating similarity in

their respective formation processes.

As was the case in electron beam bombardment of solid
polymer surfaces the internal secondary electron distribution

110,122 The nature

increases with lowering electron energy.
of the initiation process is not certain, however electron
attachment, excitation and ionisation are probable. Consider-
ation of typical cross sections and the internal electron
distributionl3l gives a likely ordering of the occurrence of
such progesses as: attachment >> excitation > ionisation although
such an ordering is necessarily speculative. Electron attach-
ment negative ion states of hexafluorobenzene for electron
energies O to 3eV have been studied in detail by Christophorou
and coworkers144 with states observed corresponding to the
attached electron occupying one of the three antibonding
m molecular orbitals of hexafluorobenzene. Lifetimes of such
states are estimated to be bztween 10—93 and 10_65° An E.s.r.
study of y radiolysis of hexafluorobenzene275 has also indicated
the presence of anionic C6F6-° ' The fate of such negative ions
may be detachment of fluoride ions leaving a pentafluorophenyl
radical or electron loss leaving the molecule in an excited state.

Electron impact excitation studies of the fluorobenzenes

99

have been carried out by Kuppermann2 and coworkers where

various states with energies between 4-8eV have been found.
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Such excited states, formed either by decay of an electron
attached species or by direct electron excitation possess
enough energy to undergo rearrangement reactions via structural
isomers such as fulvenes, Dewar benzenes, benzvalenes and

prismanes.

Polymerisation of benzene via fulvenes and hexadienynes
is thought to occur under u.v. irradiation and such a route in
the present case would yield]._C_F2 group per 6 carbon atoms
which is close to that derived from the Cls envelope. Involve-
ment of these two species would also account for the retention
of m»m* shake-up peaks observed in the electron beam polymers.
After the initial polymerisation process the polymer is sus-
ceptible to radiation damage evidenced by the decrease in

fluorine content of the films for greater bombardment times.

Eventually a carbonaceous network would be given more akin
to the films formed in early studies outlined in the intro-
duction to this chapter where doses used tended to be of the .

order of mA rathexr than uA.



CHAPTER SIX

AN MNDO SCF MO INVESTIGATION OF SOME

STRUCTURAL ISOMERS OF THE PERFLUORO DIAZINES

(PYRIMIDINE, PYRAZINE AND PYRIDAZINE)

OF RELEVANCE TO THEIR PLASMA POLYMERIZATION

231
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6.1 Introduction

The formation of thin films by electron beam bombardment
of the fluorobenzenes reported in Chapter Five gave polymers
whose structural features as determined by ESCA resemble those

0f films produced by the plasma poli/'merisattionz.l_i-221 of these

compounds . In addition the argon ion beam bombardment203 of
ccndensed perfluorobenzene has also been shown to give structur-
ally similar polymers. All three processes are copious sources
of low energy electrons whose role is probably initiation of the
polymerisation process by either electron attachment, excitation
or ionisation of the 'monomer'. Therefore structural features

in ion beam-,electron beam- or plasma-polymers are closely re-

lated for a given 'monomer' system.

The acquisition of structural data for electron beam-~
fand ion LCaw ; producea poliymers 1s however in its initial
stages and at present variation of formation parameters involves
time consuming experiments. The investigation of structural
features and rates of formation of plasma polymers by means of
ESCA involves relatively gquick experiments in comparison. — Tt
is also over seven years since a programme was instigated in
Durham with the specific task of amassing such data for a - -

variety of systems. Thus in a series of paperszls-224 the

investigation of the major structural features and rates of

formation of plasma polymers produced from the excitation of

low power "cool" plasmas in a range of alkenesgls'zlG_aromatfggTZZI_

223,224 226 "monomers "

heterocyclic,222 heteroaromatic and alicyclic
has been reported. In the particular case of the benzenes for
the more highly fluorinated members the overall C:F stoichio-

metry of the plasma polymers has been found to be essentially
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the same as for the starting monomers. For the isomeric
tetrafluorobenzenes219 the component structural features
elaborated by means of ESCA provide evidence of substantial
rearrangement, however, the gross structure and the rates of
deposition are essentially the same for all 3 isomers and this
has been taken as evidence of their interconversion during the
plasma process. The contrast with fluorinated alkenes where
the structure but not the composition depends strikingly on

the substitution pattern, as does the rate of deposition is
interesting since in the alkene series elimination seems to

be a dominant route compared with rearrangement. MNDO SCF
computations219 on valence isomers of the tetrafluorobenzenes
indicates facile routes for ring scrambling dominantly v<a

the prismane and benzvalene manifolds whilst elimination leading
to benzyne type intermediates is energetically much more ex-
pensive. Evidence in the literature on plasma processing of
substituted benzenes has provided prima facie evidence for ring
scrambling227 since it is possible to recover positional isomers
from the material passing through the reactor under the approp-
riate conditions. The nature of the rearranged plasma polymer
has suggested the importance of reactions at the substrate-
plasma interface arising from the fulvene227 ring structure
and indeed the SCF MO computations show that in the neutral,

cation and excited state manifolds the fulvene structure is the

closest in energy to the parent benzenoid system.

The well known influence on the chemistry of fluprinated
systems consequent upon substitution of ring carbon for nitrogen228
extends also to the plasma polymers which may be made from

nitrogen heterocycle analogues of the fluorobenzenes. It has
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recently been shown225 that the rates of plasma polymer

formation are distinctively different for the isomeric per-
fluorodiazines suggesting that equilibration and ring scramb-
ling is of less importance for this series than for the homo-
cyclic analogues. It is also known experimentally that intro-
duction of ring nitrogens strongly influences the relative
energies of the various valence tautomers of the heterocyclic
systems¢,229_231 Thus relatively stable benzvalene, prismane

and Dewar benzene analogues are known in the perfluoroalkylated

diazine systems.

In this chapter some aspects of the relative energetics
of the neutral and cationic species of the isomeric perfluoro-
diazines are considered. For comparison purposes consideration
has been given to acyclic as well as heterocyclic structures;
the emphasis being on the potential explanation of differences
in pldsiia welaviour with respect to the corresponding benzenes,
but which may be equally well applied to the electron beam

polymerisation of both sets of compounds.

6.2 Computational Details

Geometry optimisations of the ground states of all the
species in Figure 6.1 have been performed using the MNDO methoc%32

incorporating the DFP optimisation routine.233 Initial geom-

etries were estimated from standard bond lengths and angles212

where possible.

Single SCF calculations using the optimised ground state
geometries were carried out for the cation, first excited singlet
and first excited triplet states for one of each of the isomers

containing nitrogens at 1,3 positions.
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Heats of formation of the perfluorodiazines, some
of their structural isomers ard related compounds
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The calculations were carried out on a CDC7600 at UMRCC.
Typically the C.P.U. time for a complete geometry optimisation
was about 300 seconds. Full details of the optimised geomet-
ries are not essential to the discussion presented but salient

features will be pointed out.

6.3 Results and Discussion

6.3.1 Ground States

It is convenient in discussing the data to consider
briefly the overall energetics (and where appropriate comments
on the geometries) for each of the aza substituted isomers of a

given structural type.

(i) Parent perfluoro heteroaromatics

Although there have been a number of theoretical
studies at a variety of levels of sophistication of the parent

232,300 there

ring systems of pyrazine, pyrimidine and pyridazine
have been no previous studies of the relative energies for the
geometry optimised perfluorinated derivatives. For the hydro
series the relative heats of formation fall in the order 1,4 i
1,3 > 1,2 diazine, the pyrimidine (1,3) and pyrazine (1,4) being

236 The data displayed in

the more stable by 20 kcal/mole.
Figure 6.1 indicate a relative stabilizing effect of fluorine
substitution (with respect to the pyrimidine) for the pyridazine
and a relative destabilizing effect for the pyrazine; the pre-

dicted stability order therefore being pyrimidine > pyrazine >

pyridazine.

As expected the optimised geometries give planar



237

systems in all three cases; the computed bond lengths in each
case closely following those that might have been anticipated

on the basis of tables of standard bond lengths.,212

(ii) Diazafulvenes

For fluorinated benzenes the valence isomer closest
in energy terms to the planar aromatic system is that appropriate
to the fulwvene structure,219 In the particular case of the
tetrafluorofulvenes MNDO SCF MO computations indicate that the
various possible isomers have closely similar energies‘,Zl9
In this respect the introduction of nitrogens into the system
provides a striking contrast. In this study we have investig-
ated 6 of the possible diazafulvenes and the results are dis-
played in Figure 6.1. It is clear from this that structures
involving N-F bonds are thermcdynamically unstable with respect
to isomers having nitrogen as part of the five membered ring
system; the energetic preference typically being v40-50 kcal/mole.

For structures involving ring nitrogen there is again a small

energetic preference for the 1,3 disposition.

The optimised structures were planar with C-C and
C=C bond lengths where appropriate of ~1.498 and 1.378 indic-

ating a degree of conjugation in these isomers.

(iii) Diazadienynes

A previous investigation of isomers of the tetra-
fluorobenzenes219 indicated that fluorodienynes were at higher
energy than the fulvene valence isomers but lower in energy than
the Dewar benzene, prismane and benzvalene isomers. The data
in Figure 6.1 reveal that the energies of the diazadienynes are

strongly dependent on the position of nitrogen substitution with
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particular preference being for structures encompassing -C=N.

By contrast the structure involving N-F bonds is destabilized
whilst structures involving N-N bonds also tend to be relatively
unfavourable. The net effect is that for the isomers involving
the thermodynamically favourable -C=N group the energies are

comparable with those for the most favourable fulvene structures.

The most interesting feature arising from the optimis-
ation of these isomers is the non-planarity of 3 of the 7
structures considered. The relevant twist angle, abcd (180O
in the planar isomers) was found to be ~v147° when b and f are

nitrogen, and ~40° when either b and d or d and f are nitrogen;

a

/
b

Heats of formation calculated for five values of this twist
angle indicate that there is a balance of two main fartnre,

Thé loss of conjugation energy caused by deviation from planar-
ity, is balanced by a decrease in repulsive interaction of non-
bonded atoms, predominantly fluorine-fluorine and nitrogen-
fluorine. A plot of these interactions and the variation of
heat of formation with twist angle is shown for one of the iso-
mers in Figure 6.2. In this case a twise angle of 180° is
clearly unfavourable since the F-F interatomic distance is only
2,583, significantly lower than twice the crystallographically
determined Van der Waal's radius for F2 (1.5 - 1062)° However,
the potentially favourable conformation, in terms of F-F inter-
actions and conjugative stabilisation, with zero twist angle,
involves an N-F distance of 2.788, again, lower than would be

expected from Van der Waal's radii. Thus the twist angle of
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Figure 6.2 Effect of varying twist angle in a hexadienyne system

40° in the fully optimised geometry can be rationalised, since
the N-F interatomic distance is 30022, the F-F distance is still

favourable, and the conjugation energy is not significantly de-

creased.

(iv) Diaza Dewar benzenes

In the tetrafluorobenzene series the valence isomers
next in energy after the hexadienynes are the Dewar benzenes,219
As might have been anticipated whilst the various positional

isomers for the tetrafluoro derivative span a very small energy

range, the introduction of the nitrogen substituents has a sub-
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stantial influence on the overall pattern. Structures involving
N . .

/§=N tend to be energetically favourable with respect to those
which involve nitrogen in a bridgehead position. It is inter-
esting to note that there is again a preference for structures
involving nitrogen in a 1,3 disposition with respect to those
involving a 1,2 arrangement, however, the preferenceis small.

For the most favourable cases the total span in energy for 1,2,
1,3 and 1,4 substitution patterns is only 6 kcal/mole which is
substantially less than for the heteroaromatic ring systems

themselves.

The optimised structures for the Dewar benzenes have
an average carbon-carbon bridgehead bond length of n1.64% which

seems large until compared with the experimentally determined

27%

value of 1.638 for the hexamethyl Dewar benzene. The di-

hedral angle in these systems is also close to the experimental

value of 117,70. 301

(v) Diazabenzvalenes

Seven positional isomers have been studied and their
heats of formation are shown in Figure 6.1. A straightforwafd
correlation between the positions of nitrogen substitution and
the heats of formation is not apparent, though there appears to
be preference for nitrogen at the bridgehead position joining
the two cyclopropyl rings, the bond angles of about 60° at this
strained position being less unfavourable to nitrogen where lone-
pair-bond pair repulsions are involved, rather than the bond pair-

bond pair repulsions of a C-F unit.

The range spanned by these nitrogen substituted iso-

mers is again greater than the tetrafluorobenzvalene analogues.
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In all the isomers the C-C or C-N bond common to the
two cyclopropyl rings is shorter than the others involved in
the bicyclobutyl ring system overall. This was also found for
the tetrafluorobenzvalenes, but of course contrasts with the
result for bicyclobutane itself. The dihedral angle of the
bicyclobutyl ring was found to increase with increasing nitrogen
substitution of that ring, which reflects the increasing bond
lengths along the series N=N, C=N, C=C, involved in the "pendant

group".

(vi) Diazaprismanes

The 1,3 substituted isomer is again energetically
preferred by 9 kcal/mole. This again emphasises the fact that
a ring nitrogen substitutent gives rise to a greater spread in

energies for a given structural isomer than fluorine substitution.

The optimised structures for the prismanes indizzic
a highlyv stvr=2incd system with all interatomic distances corres-

ponding to regular single bonds.

(vii) Summary
Although there is a spread in the heats of formation
for each isomer, the general trend of parent < Dewar benzene <
benzvalene < prismane is the same as that observed experimentally

303

for the hexamethyl302 and perfluorcmethyl homocyclic analogues,

and observed in various theoretical treatments of the parent

304,300 (d) This ordering was also found for

benzene isomers.
the MNDO study of the tetrafluorobenzenes219 in which the differ-
ence between the most and least stable isomers was V100 kcal/mole

compared to ~125 kcal/mole in the present investigation. Re-

lative to the parent aromatic systems the diaza Dewar benzenes
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and benzvalenes are destabilised by V10 kcal/mole compared

to the tetrafluorobenzene series, whilst for the prismanes the
destabilisation is ~20 kcal/mole. However, the heats of form-
ation of the diazafulvene isomers show a slight stabilisation
compared to the tetrafluorofulvenes. The greatest difference
between the results of Figure 6.1 and the tetrafluorobenzenes

is the large range of energies spanned by the diazahexadienynes,

the origin of which was discussed in section (iii).

6.3.2 Excited States

(i) Cations

First ionisation potentials calculated by Koopmans'
Theorem,25 hence corresponding to a 'frozen' final state, for
the heterocaromatic systems tend to be over estimated by about

0.4 eV enmparcd LC experimentally determined UPS Values.,305

Heats of formation have been calculated for the 1,3 isomers in
the cation manifold using ground state optimised geometries

which for the perfluoro-pyrimidine gives a ASCF relaxation energy
of 0.3 eV. The data displayed in Figure 6.3 show that although
the ordering is the same as for the neutral species, the energy
separation between the isomers is different. In particular,

the fulvene is stabilised with respect to the heterocaromatic
system compared to the ground state manifold. This observation
is consistent with UPS data for homocyclic benzene and fulvene306
where the ionisation potential of fulvene is V0.7 eV lower than

benzene, indicating an increased stability of fulvene in the

cation manifold.

Of the other isomers whilst the prismane, Dewar benzene

and benzvalene are destabilised by about 25 kcal/mole by cation
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Figure 6.3 Heats of formation of the cations of the perfluoro
1,3-diazabenzenes and some of the tetrafluorobenzene
structural isomers

formation, the hexadienyne, significantly, is stabilised by

18 kcal/mole, with respect to the parent. It is interesting

to compare these results with those for the tetrafluorobenzene
analogues (Figure 6.3) where the cation heats of formation cal-
culated by Koopmans®' Theorem show destabilisation of "25 kcal/mole
for prismane and benzvalene cations, V16 kcal/mole for the Dewar
isomer and no significant change for the hexadienyne, compared
with the parent. The stabilisation for the fulvene system is

comparable with that noted above for the heterocyclic system.
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(ii) Singlet and triplet states

First excited singlet and triplet state heats of
formation were calculated for the same 1,3 isomers as were
investigated in the cation manifold, and the results are shown

in Figure 6.4. Singlet-triplet splittings of about 50 kcal/mole
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Figure 6.4 The heats of formation of the singlet and -triplet

and wave function analysis for the two singly occcupied MO's
indicate that the MNDO SCF procedure has locked onto a wr7¥
configuration for the aromatic, fulvene, hexadienyne and benz-
valene isomers. In contrast for the prismane and Dewar benzene

the lower singlet-triplet splitting and o-7 inseparability means
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that the nature of the excited state cannot be assigned in
a clear cut manner. The singlet and triplet T77* states of
perfluoropyrimidine are calculated to be 4.45 and 2.07 eV
above the ground state respectively. The experimentally ob-
served band maximum for the w»7m* transition involving singlet
states is at 241 nm307 corresponding to an energy separation

of 5.14 eV, in tolerable agreement with that calculated theoret-

ically.

The calculation on perhydropyrimidine again gives
the first excited singlet as Loms whereas it is well known to

be lnﬂ*.308 Similarly MNDO predicts the first triplet to be

3”“*, some 2.7 eV above the ground state, whereas the first

309

triplet is known to be 3nﬂ* at 3.6 eV, with the 377* being

some 0.1 - 0.2 eV higher still.>1©

The benzvalene is found to be slightly destabilised
with respect to the heteroaromatic (V8 kcal,/woic¢) in kZcth sirglet
and triplet manifolds. The hexadienyne is similarly destabil-
ised in the triplet state, but in the singlet its relative enerqgy
is the same as that in the ground state. Thus these two iso-
mers are useful markers by which to identify the relative changes
in energy of the others. The major difference between the ground
and excited state manifolds is the stabilisation (by 15-20 kcal/
mole) of the fulvene isomer with respect to the heteroaromatic,
in both the singlet and triplet states, bringing it to within
2 kcal/mole in the latter case, 2.e. certainly within the error
limits of MNDO.,232 The Dewar benzene on the other hand, whilst
having the same relative energy in the ground and singlet states,
is considerably destabilised in the triplet state (~35 kcal/mole),

so that its energy becomes comparable with that of benzvalene.
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The prismane is destabilised in both excited states, but the
effect is much greater in the triplet (v49 kcal/mole) than in

the singlet (v14 kcal/mole).

Thus the overall pattern in the excited states is
a destabilisation of the prismane and a stabilisation of the
fulvene structures, whilst the other isomers are relatively

unchanged.

6.3.3 Application to Plasma Polymerisation of these Compounds

The object of these calculations is to attempt to
rationalise experimental data obtained on the structure and com-
position of plasma polymers obtained from the isomeric per-
fluorodiazines in comparison with the isomeric tetrafluoro-

benzenes.

It is important to consider that the electron energy

271
distribution in a cool plasma is typically Maxwellian™ -~

with

an average electron energy of v2 eV and a tail extending beyond
the ionisation potential of these systems. The electron £flux
will interact with the monomer flux in three primary ways giving
rise to electron attachment, excitation and ionisation. From
the typical distribution pattern of electron energies the typical
electron flux involved in each of these 3 processes is approxim=

ately in the ratio 60:40:0.,4219

respectively. However, for
purposes of comparison we will consider only the ground state
manifeold in our discussion of the relative energetics of the
perfluorodiaza- (Figure 6.1) and tetrafluorobenzene (Figure 6.5)

isomers relevant to the plasma polymerisation of these com-

pounds.
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fluorobenzene structural isomers

6.3.3 (i) Interconversion of parent isomers

Table 6.1 details the energetics of the most favourable routes

of interconversion between the parent isomers%l%hown schematically in Fig.6.6.

The value of AHe is simply the difference between the calcul-

b
ated heats of formation of the starting compound and the least
stable isomer involved in the conversion. Similarly AHR is

the energy separation of the initial and final isomers thus, a
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TABLE 6.1 Energetics of Parent Isomerisation (kcal/mole)

TETRAFLUOROBENZENES AHeb AHR
via Dewar + 64.5 0

via Dewar and prismane + 98.5 0]

vid Benzvalene + 84.5 0
DIAZABENZENES AHeb AHR
1,2 - 1,3 wvia Dewar and prismane +103 -14
via Benzvalene + 89 -14

1,2 - 1,4 via Dewar + 51 -10
via Benzvalene + 89 -10

1,3 - 1,4 via Dewar and prismane +117 + 4
via Benzvalene + 91 + 4

value of AHeb for the reverse process is formed from AHeb

P
fodchet

(forward) - AHR° Comparison with the tetratluorobeunzeans dz

i

is facilitated by taking an average of the AHeb values for the
forward and reverse processes of the diaza series. This indic-
ates that the interconversion of the parent isomers via the
prismane (which also involves Dewar benzene intermediates) is
approximately 14 kcal/mole less favourable for the diaza-
compounds, compared with the corresponding tetrafluorobenzene
positional isomerisation. Similarly, interconversion involving
just benzvalenes is of the order of 10 kcal/mole less favourable.
The 1,2 - 1,4 diaza transformation, the only one to involve Dewar
benzenes alone, is seen to be more facile (V10 kcal/mole) than
the equivalent process in the homocyclic series, a result which

is not surprising when one considers the large body of literature
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concerning the mechanism of this process for the diazabenzene
caseg228 Thus in general formation of isomers which would be
expected to be involved in ring scrambling is energetically
more favourable in the case of the tetrafluorobenzene series.
However, isomers which are not involved in ring scrambling pro-
cesses, viz.the fulvenes and hexadienynes, are predicted to be
formed more easily in the diaza- series as can be seen from the

AHR values in Table 6.2, the formation of the diazahexadienyne

isomers being more favourable by an average of ~20 kcal/mole.

TABLE 6.2 Energetics of Polymer-Precursor Formation (kcal/mole)

TETRAFLUOROBENZENES AHR
to fulvene +21
to hexadienyne +53

DIAZABENZENES AHR

1,2 to fulvene +15
to hexadienyne +39

1,3 to fulvene +17
to hexadienyne +37

1,4 to fulvene +16
to hexadienyne +24

(ii) Polymerisation

Plasma polymerisation has previously been considered
. 2
to involve cycloaddition of parent and valence isomer systems. 19
Using this idea our data suggest cycloaddition of the parent

isomer with the fulvenes and hexadienynes is comparatively
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favourable energetically for the diaza compounds. This is
consistent with the experimental observation of substantially
higher levels of CF2 groups present in the perfluorodiaza-
benzene plasma polymers than even plasma polymerised perfluoro-
benzene polymers, since this group only arises from the partic-
ipation of fulvene and hexadienyne in the cycloaddition re-
actions. The proximity of the AHeb values (about 20 kcal/mole)
of the hexadienyne and Dewar benzene/benzvalene isomers in the
tetrafluorobenzenes contrasts with the larger separation (about
50 kcal/mole) in the diaza analogues. This supports the experi-
mental evidence concerning the rates of plasma polymerisation
since it shows the relative unimportance of interconversion of
the diaza-parent isomers in comparison with hexadienyne form-
ation. For the homoaromatics on the other hand the energetics
of interconversion are favourable, thus giving rise to similar

rates of deposition and structures.

Consideration of the cation mwaaificld gives a similar
trend. Fulvene formation especially is greatly eased in both
homoaromatic and heteroaromatic systems, but particularly so

in the latter case where it is within 3 kcal/mole of the parent.

(iii) Elimination

It is of interest to consider the possibility of the
elimination of a small stable molecule from these compounds,
since plasma polymerisation of fluoroethylene was shown to be
accompanied by elimination of HF. However, in the tetrafluoro-
benzene case, experiment showed that HF elimination was not
significant, a fact interpreted theoretically by the high energy

of the resulting benzyne.,219
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On this basis the equivalent elimination (of F2)
has not been considered here. However, the possibility of
nitrogen elimination from the diaza series and analogous
elimination of acetylene from the tetrafluorobenzenes has been

investigated.

Elimination of N2 from a C4N2F4 molecule yields a
C4F4 fragment for which there are three structural isomers,
vzz the tetrahedrane, the cyclobutadiene and the tetraenyne.
The most stable of these is the perflucorotetraenyne (see Figure
6.1). It is readily apparent that pyridazine could eliminate
nitrogen without any other rearrangement with a heat of reaction

of 27 kcal/mole.

Conversely elimination of N2 from the 1,3 and 1,4 diazines
must occur vig either a Dewar benzene, prismane or benzvalene
thus making N2 loss as unfavourable as interconversion of the

parent systems.

Bulk and surface N/C ratios determined for the plasma
polymers of the diazines3l} support the prediction of greatest
N2 loss from the 1,2 diazine. By comparison the elimination
of a similar stable molecule from the tetrafluorobenzenes yields

heats of reactions of 98 kcal/mole for fluoroacetylene and

100 kcal/mole for acetylene.
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APPENDIX ONE

PLATES SHOWING THE ES300 SPECTROMETER
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APPENDIX TWO

RESEARCH COLLOQUIA, SEMINARS, LECTURES AND CONFERENCES

The Board of Studies in Chemistry requires that each
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.) - "Metalloborane Chemistry’,
13 Nov. 1980.

Dr. T. Gilchrist (Liverpoool 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.) - "Magic and Mystery through the
Ages', 22 Jan. 1981. o

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 Com-
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 Effects
of Substituents', 25 Feb. 1981.

Dr. J.F. Stoddart (I.C.I. Ltd.) - - Stereochemical 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 Polyacetylene’
9 Apr 1981.

Prof. M. Gordon (Essex Univ.) - 'Do Scientists have to Count?’,
7 May 1981.

Dr. J. Rose (ICI Plastics) - 'New Engineering Plastics', 10 Jun.1981.

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.198l.

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 with Lasers', 3 Dec.1981.

Prof. I. Fells (Newcastle Univ.) - °'Balancing the Energy
Equations®, 28 Jan. 1982.

Dr. D. Pethnick (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.0.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 Clusters 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 Sept.- 1982,

Dr. W.K. Ford (Xerox, New York) - °‘The Dependence of the Elect-

ronic Structure of Polymers on their Molecular Architecture’,
27 Sept. 1982.

Prof. H. Suhr (Univ. of Tubingen) - 'Preparatlve Chemlstry in
AT ceemn Tmon - D T er e TN e o 1 ‘A o~ TAAA
LN\/La -\_l\-iu..I.J.J.LJ.L.LWLI b L LD ¥4 b X V\.f\—o PR R P
Mr. F. Shenton (County Analyst, Durham) - 'There is Death in
the Pot', 14 Oct. 1982.
Dr. C.E. Housecroft (Notre Dame Univ.) - 'Bonding Capabilities
of Butterfly-shaped Feq Units', 27 Oct. 1882.
Prof., M.F. Lappert, FRS (Susses Univ.) - ‘Approaches to Asymmetric

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. Williams (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. Sherrlngton (Strathclyde Univ. ) - "Polymer Supported
Phase Transfer Catalysts', 12 Jan.1983.

Prof. D.W.A. Sharp (Glasgow Univo) - 'Some Redox Reactions in

Fluorine Chemistry', 27 Jan. 1983.
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Dr. P. Moore (Warwick Univ.) = 'Mechanistic Studies in Solution
by Stopped Flow F.T. N.m.r. and High Pressure N.m.r.
Line Broadening', 9 Feb. 1983.

Sir G. Allen, FRS (Unilever Ltd.) - 'U.K. Research Ltd.
10 Feb. 1983.
Prof. A.G. Macbiarmid (Pennsylvania Univ.) -~ 'Metallic Covalent
Polymers: (SN) and (CH)_ and their Derivatives’,
17 Feb. 1983, X
Dr. D. Bloor (Queen Mary College) - 'The Solid State Chemistry
of Diacetylene Monomers and Polymers', 2 Mar. 1983.
Prof. A.C.T. North (Leeds Univ.) - 'The Use of a Computer Display
System in Studying Molecular Structures and Interactions’
3 Mar. 1983.
Prof. D.C. Bradley, FRS (Queen Mary College) - 'Recent Develop-
ments in Organo-Imido Transition Metal Chemistry', 8 Mar.1983.
Prof. H.G. Viehe (Univ. of.Louvain, Belgium) - ‘'Oxidations on

Sulphur', 11 Mar. 1983 and 'Fluorine Substitution in Radical
and Biradical Addition Reactions', 11 Mar. 1983.

Dr. I. Gosney (Edinburgh Univ.) - °‘New Extrusion Reactions:
Organic Synthesis in a Hot Tube', 16 Mar. 1983.

Prof. J. Passmore (Univ. of New Brunswick) - ' Novel Selenium -
Iodine Cations', 21 Apr. 1983.

Prof. P.H. Plesch (Keele Univ.) - 'Binary Ionisation Equilibria
between two Ions and two Molecules. What Ostwald never
thought of', 4 May 1983.

Prof. K. Berger (Munich Univ.) - 'New Reaction Pathways to Part-
ially Fluorinated Heterocyclic Compounds’, 10 May 1983.

Dr. N. Isaacs (Reading Univ.) - 'The Applications of High Press-
ures to the Theory and Practice of Organic Chemistry,

11 May 1983.

Dr. T.D. Marder (U.C.L.A.) - °'The Chemistry of Metal-Carbon and
2otzleMotzl Multinle Rondesl, 12 Mazp L1022,

Dr. J.M. Vernon (York Univ.) - 'New Heterocyclic Chemlstry -
involving Lead Tetra-Acetate', 25 May 1983. ’

Dr. A. Pietrykowski (Warsaw Univ,) - 'Synthesis Structure and

Properties of Aluminoxanes®’, 15 Jun. 1983.

Conferences Attenced

(a) SCF Xa Calculations in Inorganic Chemistry, a One-day
Symposium, Queen Mary College, London, November 1980. -

(b) Advances in Polymer Characterisation, an Internatlonal L
Symposium, Durham, July 1981. o

(¢} Two Graduate Symposia at Durham University, Aprll 1982' .
and 1983.

(d) S.E.R.C. Graduate Summer School, Guildford, July 1982'
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