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Introduction 1

Chapter 1

Introduction

A growing interest in polymer applications in sufiblds as coatings, adhesion,
composites, biomaterials, medicine, microelectrmniand thin-film technology requires
special surface properties that could be tailorgdflame treatment, radiation grafting,
chemical treatment, photon irradiation, corona liksge and plasma treatments, as well as
ion-beam modification. Up to now, corona dischaegel plasma treatment are the most
widely used surface modification techniques, esglgcin industry, and the results have been
extensively published [Chan 94, Garbassi 98, M@ <8arbonnier 00, Friedrich 00]. Corona
discharge equipment is of simple design and cdsttfe. But because the process takes
place in ambient conditions, sample contaminatiecomes a problem, not every gas can be
used, and the treatment is not very uniform. Intiaog to this, plasma treatment is carried out
in vacuum, therefore contamination of the polymeface can be avoided, different treatment
gases for different applications can be used, ardsurface modification is rather uniform
over the large area. On the other hand, plasmariscomplicated process and it is difficult to
control the treatment parameters that differ frgistesm to system. Furthermore, the influence
of electrons, neutrals, and vacuum UV photons odification process is still not very clear.

To overcome these problems, an ion beam technig@sechosen. Advantages of this
treatment method compared to the widely used plasesments are the well defined ion
fluence and a lateral space resolution that is napo for thin film texturing. Together with
the possibility to vary the modification depth thgh the variation of the ion beam energy,
this technique can be used to change the physinachkproperties of the bulk polymer near
surface region in a controlled way. lons are geredrhy an external ion source, which means
that the sample is isolated from the glow dischaygeeration and is held in better vacuum
avoiding surface contamination, fast electron bamhipent, and re-sputtering by gas phase
scattering. However, in spite of the increasedrasiein the application of low energy ion
processing for polymer surface modification, littkerk has been done to firmly identify the
complex mechanisms of polymer surface treatmentsadturing, adhesion enhancement, as

well as polymer sputtering.
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The fundamental motivation of this research iseddasn the dramatic change in the
physical and chemical properties associated withbigam bombardment of polymer surfaces
using low energy ions (0.5 — 5 keV) and varying frencies in the range from*oo 10°
cm®. Irradiation with low energy ions was chosen iderto induce changes only in the
polymer surface layer, leaving the bulk propertieghanged. The thickness of the altered
layer ranges from 1 to 20 nm [Biersak 87] and mselto the modified layer obtained by
plasma or corona treatments with which our obtanesdlts can be compared.

When ions interact with the polymer surface, cHaonds are broken resulting in the
formation of smaller molecules, many of which may \wlatile and are therefore easily
desorbed, i.e. sputtered, or formation of freeaadi which participate in different reactions
changing the chemistry of polymer surfaces eagilg areversibly. Polymer removal and
modification occur simultaneously, and so it isfidiflt to distinguish where one process
finishes and another starts, as the treated suwidcbe sputtered step by step. On the other
hand, ions will penetrate beneath the altered lagkrcing new changes there.

The objectives of the presented thesis are:

to determine the sputter rates of polymers as atifum of ion beam parameters and
polymer chemistry. Recently [Zaporojtchenko 03bkateyte 05], a decrease in the
polymer sputter rate was observed at the beginoiiiige ion irradiation until constant
sputtering is reached at prolonged ion fluenceserd@fore, a quartz crystal
microbalance was selected to monitor real time r&hand kinetics of polymer
sputtering as a function of ion fluence at difféarexperimental conditions. In the

following, the results and the mechanisms of polydegradation will be explained;

to change the physical and chemical propertieshefgolymer surface through the
alteration of the polymer structure. Polymer chaindergo chain scissions under ion
irradiation creating small mass molecules some biclw can be desorbed, i.e.
sputtered, and free radicals that participate ffeidint chemical reactions creating
cross-link networks, branching, and double bonéigpolymers are irradiated with

oxygen or nitrogen ions, created free radicalstredit reactive species inducing the
formation of carbon-oxygen and/or carbon-nitrogenctional groups. To determine
created functionalities, X-ray photoelectron spestopy (XPS) is used together with
angle resolved XPS analysis that allows us to deter the uniformity of the surface

modification by variation of the take-off angle. éhsurface glass transition

temperature measurements based on the noble metdledding method
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[Zaporojtchenko 01, Erichsen 04] is used to deteemthe change in polymer
behaviour under ion irradiation, i.e. cross-linkmfation and degradation;

to determine the influence of the ion beam pararaetad polymer chemistry on the
metal-polymer interaction. An increased condengsatioefficient and an increase in
cluster density (measurements based on XPS [Zdpbemko 00a], or TEM) and

polymer surface energy (contact angle determingatioith increasing ion fluence

indirectly show the improvement of metal-polymerhasion. Practical adhesion
measurements are done using 90° peel tests widatate a strong dependence of the
adhesion on the polymer chemistry. In conjunctiathvthese results, the adhesion

mechanisms of metals on the ion modified polymefases are clarified.

In Chapters 2, 3 and 4 of this work backgroundgolymer surface properties, ion-
polymer interaction and analytical techniques usedthe research are given. In the
experimental part, Chapter 5, details for sampkparation and measurement methods are
presented. The following two chapters include expental results and discussion. The
results part is divided into three large sectidrag present the most important obtained results
of the goals mentioned above. Although experimergsililts are presented in three separate
sections, the chapter “Discussion” is only dividatb two sections: low energy ion beam
irradiation of polymer surfaces; and polymer-matédrface formation and adhesion after ion
treatment. After each large section, a short sumnsagiven. Finally, the conclusions are

summarized, and an outlook is presented.
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Chapter 2

Polymers

A polymer is a substance composed of moleculeswtwnsist out of a long sequence
of one or more species of atoms or groups of atorked to each other by primary, usually
covalent, bonds. Polymers that consist of one tfpmonomers are called homopolymers. If
a polymer is derived from more than one monomeis ttalled a copolymer. The covalent
bonds involved are characterized by high bindingrgies (146 to 628 kJ/mole), short bond
lengths (0.11 to 0.16 nm), and relatively constargles between successive bonds [Fink 04].

In general, polymer chains are very flexible, d@hdrefore are coiled up with some
free volume in between. The simplest chains arénefr skeletal structure which may be
presented by a chain with two ends. Branched palyrhave side chains, or branches, of
significant length which are bonded to the mainircha branch points (junctions), and are
characterized in terms of the number and size @btianches. Network polymers have three-
dimensional structures in which each chain is coteteto all others by a sequence of
junction points and other chains. Such polymerssai@ to be cross-linked.

Polymers are usually classified into three grougermoplastics, elastomers and
thermosets. Thermoplastics are linear or weaklyndlrad polymers with negligible
entanglement. They can be crystalline or amorphdbhsse which crystallize do not form
perfect crystalline materials but instead are semystalline with both amorphous and
crystalline regions. The crystalline phases of suulymers are characterized by their melting
temperature T,). Many thermoplastics are completely amorphouyrmets which exist as
glassy solids. These polymers are characterizeitidiy glass transition temperatuig); the
temperature at which they transform from glassyesthard) to the rubbery state (soft).
Elastomers are cross-linked rubbery polymers thathe stretched easily to high extensions
and which rapidly recover their original dimensiowken the applied stress is released.
Thermosets are rigid network polymers in which ohaiotion is greatly restricted by a high
degree of cross-linking.

Over the last decades, polymers have been usemkssiclly in many industrial
applications, including adhesion, packaging, tlilmg, biomaterials, and coatings. Polymers

have excellent bulk physical and chemical propgrtee inexpensive and easy to process.
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However, the average chemical composition and nobogly of the surface of solid polymers
are usually differ from those of the bulk [Elias]9@nd the successful implementation of
many of the above mentioned applications is deteethby the surface properties.

This work concentrates on ion beam induced charmmjethermoplastic polymer
surfaces and/or near-surface layers. Thereforeesonportant surface properties will be
discussed. The discussion will cover the main aspet surface dynamics including glass
transition temperature, surface forces and enagyyell as the main theories of adhesion

mechanisms and metal/polymer interface formation.

2.1 Dynamics and glass transition temperature of pgmer surfaces

The presence of surface dynamics comes from thenadason that some polymeric
systems have surface properties which are a funatib the surrounding environment
[Garbassi 98, Jones 99]. This means that a polgoréace can change its surface structure in
terms of orientation of the surface side or endugsoin response to a change in the
interfacing environment. The thermodynamic drivilogce for surface restructuring is the
minimization of the interfacial free energy betwekea polymer and the environment.

The studies of surface reorientation are mosthetdkse contact angle measurements,
and in detail are reported by Garbassi et al. (1888 Chan (1994). In vacuum and in air, the
non-polar components of polymer tend to segregathd surface, minimizing the interfacial
energy. In an agueous medium, the polar comporeatattracted to the interface [Chan 94].
The contact angle will decrease or increase folhgwthe changes in the concentration of the
different functional groups on the surface.

Reorientation on the surface is also time and teatpee dependent. At low
temperatures, polymer chains have limited mobilitgnce, restructuring takes longer, while
the chain mobility increases for higher temperatuard reorientation occurs faster, as was
shown experimentally by Morra et al. [Morra 90].i@nce of an enhanced surface mobility
is the behaviour of the glass transition tempeeatir thin films which show a different
behaviour compared to the bulk glass transitiorpenature [Jones 99, Forrest 00].

The glass transition temperatuiigis the temperature at which the polymer undergoes
transformation from a rubber to a glass. The ti@ansétion glass« rubber-like liquid
resembles phenomenologically a thermodynamic secmmlér transition since a more
pronounced “jump” is observed &} for heat capacity and expansion coefficient [EBa$.

However, more detailed thermodynamic measuremeat® lshown that while the glass
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transition has the appearance of a thermodynamiunseorder transition it cannot strictly be
considered as one [Young 91; Grest 71, Krevelen 90]

Another characteristic ofy is that the exact temperature depends upon tleeatat
which the temperature is changed (Figure 2.1 found that the lower the cooling rate the
lower is the value ol [Elias 97, Krevelen 90]. In the regions above aptbw Ty there is a
linear variation in specific volume of a polymerntiwthe temperature. In the vicinity of tfhig

there is a change in the slope of the curve whatuis over several degrees.

Glass transition

Specific Volume, V

Temperature

Figure 2.1 Schematic illustration of the variation of the sifie volume V and temperature
of a polymer. The value of the glass transitiongerature | depends on the cooling rate v
(K/h). If vy < vy, then T2 < Tgo. The shaded area represents the variation in tée Yolume
V; with temperature. In the liquid state it is suppdsthat the free volume is high. A
reduction in temperature will lower the free volunnatil there will be no volume to allow
molecular rotation or translation. BelowgTthe polymer is in the glass state, and it is
assumed that the free volume ¥emains constant. ¢Vis the volume occupied by the

molecules.
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In order to analyze the glass transition tempeestioe concept of free volume is used.
The free volume is the space in the solid or theidi not occupied by polymer molecules. In
the liquid state, the free volume is high and sdecudar motion takes place relatively easy. A
reduction in temperature will reduce the amounthefmal energy available for the motion.
The free volume will be also sensitive to the cleirgtemperature, and most of the thermal
expansion of the polymer rubber or melt can be ata for by change in the free volume.
With the decreasing temperature the free volumé lvél reduced until there will not be
enough free space to allow molecular rotation anglation to take place. The temperature at

which this happens corresponds Tg (Figure 2.1). It is assumed that the free volume

V, remains constant belo¥ and increases as the temperature is raised digove

The value ofTy depends upon the physical and chemical naturehefpblymer
molecules. The most important factor is chain fity. Polymers, such as polyethyleri (
CH,% CH,%),, have relatively flexible chains because of easgtion about the main chain
bonds, and so the value ®f is low. In vinyl type polymers¥ CH, % CHX %),, the
presence of the side groups, X, has the effech@easingly due to the restriction of bond
rotation [Young 91]. The physical characteristidstiee molecules such as molar mass,
branching and cross-linking also affect the glassidition temperature. The value ©f
increases as the molar mass of the polymer is aseck [Young 91]. A small number of
branches tend to reduce the valuélgfwhile a high density of branches has the sanmexeff
as side groups in restricting chain mobility andderaising the temperature. The presence of
chemical cross-links in a polymer sample leadsntanarease in the value @}, because of
the reduced specific volume of the polymer leadg restriction of molecular motion. If the
density of cross-links is very high the temperatargge of the transition is broadened and the
glass transition may not occur at all.

The glass transition temperature is an interestomgperty rather extensively
investigated for the polymer bulk, and only in 1993irst study of glass transition in thin
films was reported [Beaucage 93]. A detailed reviswgiven by Forrest and Jones [Forrest
00]. Reiter [Reiter 94] performed experiments oa die-wetting behaviour of thin polystyrene
films that were spin coated on silicon wafers. Tilras were heated and the temperature at
which de-wetting occurred was found to decreasé wie film thickness. It was stated that
polymer chains in thin films have a higher mobilihan corresponding chains in the bulk.
Keddie et al. [Keddie 94] performed extensive stadon the polystyrene film thickness
dependence ofy. Authors reported the existence of a film thicleffect, with the glass

transition temperature decreasing below the vatuetlfe glass temperature of the bulk in
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films with a thickness below 100 nm, with a depi@ssn the Ty value exceeding 20 °C.
Lager temperature depression betw@grof thin films and the bulky was found for free-
standing films [Forrest 96]. Most of the measuretagrerformed are based on the polymer
film thickness. Recently, a noble metal nanoclusterbedding method was applied to
measure the surface glass transition for spin doBt films [Zaporojtchenko 01, Erichsen
04a, Erichsen 04b]. The embedding of nanosizedatkisieeds long range chain mobility of
the polymer, and clusters start to sink into a pay at the glass transition temperature.
Therefore, the embedding method is a probe forglass transition temperature near the
surface region. The observed depression increagbdnelecular weight until saturation was
reached withDTy » 8 K (the difference between the bulk and surfatesgy transition

temperature).

2.2 Polymer surface properties: relevance to adhesi
Adhesion is the surface property relevant in mapglications of polymeric materials.

For instance, it might be necessary to have perntank on polymer bags, or stable adhesion
of a thin metal film on a polymer substrate. Theassary condition for the adhesion is the
tight contact between the two parts. To achievé soterfacial contact, it is important to form
strong and stable adhesive joints. The next staglel generation of adhesion forces across
the interface, and the nature as well as the madmiof such forces is important. Another
very important condition is how efficiently an adhe layer wets the substrate. Before

discussing adhesion theories, a short overviewdase forces and surface energies is given.

2.2.1 Surface forces

When a material interacts with another materialvith the surrounding environment,
it is the nature of the surface forces that deteesiithe kind of interaction. There are long-
range forces (Van der Waals’ and electrostatic) slmatt-range forces (hydrogen, acid-base,
covalent). Van der Waal’s forces are always predaring the interaction. However, in some
cases other kinds of forces such as electrostags @ccur at the same time. These forces
arise from the interaction between charged bodiescribed by the charge and the potential.
The combination of van der Waals’ and electrostaffects in water (or a high dielectric
constant solvent) is described by the so-called OL{Derjaguin, Landau, Vervey and
Overbeek) theory of colloid stability. A more détali review of all surface force theories is

given by Garbassi [Garbassi 98].
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Van der Waals’ forces are a set of forces chanaeigiby the same power dependence
on distance. The important parameters in such d &fnnteraction are the dipole moment,
which arises from an uneven charge distributiomlecule, and the atomic polarizability,
which indicates the tendency to redistribute tharglh when the molecule is subjected to an
electrical field. Owing to the process of chargdis&ibution, a molecule becomes a dipole
and gives rise to an electrical field. An importaontribution to the van der Waals’ forces is
the interaction between the instantaneous dipolenembd arising from the instantaneous
position of electrons with respect to the nuclelise van der Waals’ forces are always
involved in the interaction between bodies, unlibger kinds of forces that require a
particular feature [Garbassi 98].

The van der Waals’ contribution to the free enedjyinteraction between two

moleculesy, is inversely proportional to the sixth power lo¢ distance,

W, =-C/r° (2.1)

vdw

The free energy of interaction between macroscbpdies,W, of different geometries
can be described by a relationship of the kind:

W(D)¥ UA/ D" (2.2)

whereU is a factor which contains numerical constantstaedelevant dimensions of bodies
involved, D is the distance between the bodies, Ardp®Cr1r, is the Hamaker constant is
the number density of molecules in the solid).

The equations above show some important featdrearoder Waals interactions: the
free energy of interaction between macroscopic é®odiepends on the dimensions of the
bodies (factorJ). Van der Waal's forces between large bodies aveenong-ranged than
between molecules. Finally, the effect of the cleainand physical nature of the materials
involved in the interaction on the interaction itsés described by the Hamaker constant,
which contains the relevant atomic or moleculaap@aters in the consta@t Even if Van der
Waal's bonds are always present, the energy of boalds is the lowest compared to other
bond types. Therefore, they are only of signifi@nt cases where other kind of bonding is
not possible.

In addition to the long-range forces, short-rarffgeces are also present in the
interactions. These are usually strong covalentydgen, or acid-base forces [Garbassi 98

and references therein]. The structural featuraired to form hydrogen bonds is a hydrogen
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atom covalently bonded to a highly electronegagement, such as O, N, F, etc. It is
expected that hydrogen bonding plays an importalet in the interaction between polymer
surfaces bearing hydroxyl, carboxyl, amino or samiggroups. When surface atoms and
molecules come very close together, very stronge®iarise from the overlap of electronic
clouds and sharing of valence electrons. The psoedsen intervening atoms lose their
identity and create a new species is known as eavdlonding. The details of covalent
bonding depend on the chemistry and the electranit geometrical configuration of the
species involved. Most synthetic polymers do narbsurface functional groups suited for
covalent bonding, as chemical inertness is a degireperty for many applications. When it
IS necessary to join the polymer covalently withother molecule, surface activation is
applied by means of surface modification introdgcgpecial functional groups suitable for

covalent bonding.

2.2.2 Surface energy and surface tension

Surface atoms and molecules are in a differentrenment as compared to their bulk
counterparts. In the bulk, a molecule is equaltyaated in all directions by its neighbouring
molecules [Chan94]. The surface molecules are stdgleto intermolecular attraction from
one side only. This tend to leave the surface regiod return to the bulk until a pressure
gradient, which is caused by the concentrationligrd, is set up to stop further migration of
the surface molecules. At the equilibrium state, ldwer density of the surface layer leads to
an increased intermolecular distance, putting & state of tension.

The origin of the surface energy of materials carubderstood by thinking of the pair
wise summation between the atoms of one medium alitthe atoms of the other medium
(Equation 2.1). If the summation is extended toatms, including atoms in the same
medium, the energy can be determined as:

W = - constant (2.3)

12pD;
where the constant is the bulk or cohesive enefgh® atoms of a given phase in their
equilibrium position. The second term arises frdwa é€xistence of two surfaces which atoms

have fewer neighbours than those in the bulk. worisolated surfaces, free energy is given
by:

A

W=——_=2 2.4
12002 g (2.4)
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or

A

:W (2.5)

g

wheregis the surface tension. The main problem with &qng?2.6) is that it is not clear how
the interfacial contact separatibg should be determined. Israelachvili [Israelach&dl]
found that the universal cut-off distance is 0.hé%

The simplest way to measure surface tension iséccantact angle measurements (for
a detailed explanation sé&thapter 4.3.2). If a drop of a liquid is placed asolid surface,
three interfacial tensions exist: liquid-sobgt liquid-vapourg,; and solid-vapoug,. Contact

anglegq, of liquids on solids are summarized in the Yogngguation:
O = G+ g COS ¢ (2.6)

Using various liquids, it is possible to determthe critical surface tensiogy, of a
polymer. Most polymers have a value @fi lower than the surface tension of water (72
mN/m) but higher than the surface tension of aild fats (20 — 30 mN/m) [Elias97].

2.2.3 Mechanisms of adhesion

There are four main adhesion theories: mechanitallocking, diffusion theory,
electrostatic attraction, and adsorption theorguFeé 2.2. The theories work on different
distance scales between two materials: from theniatscale for chemical bonds to an
undetermined scale in the case of mechanical ouerig. All theories are given in detail in
reviews by Fourche [Fourche 95], Kinlock [Kinlock]9Leeden and Frens [Leeden 02].

The theory ofmechanical interlockingoriginates from rough empirical observations.
It was observed that sticking is more successfulomgh and irregular surfaces. However, it
was possible to establish good adhesion betwedagtigrsmooth surfaces [Garbassi 98]. In
any case, the question remains open, whether pioduaf a particular morphology activates
a new adhesion mechanism, or if it increases tteetefeness of other adhesion mechanisms
due to an increased area or removal of a containimksyer.

The diffusion theory proposed by [Voyutskii 49] explains the asibn between two
surfaces of identical polymers. According to thiedel, adhesion of two macromolecules in
intimate contact results from the diffusion of thwlecules of the superficial layers. The
model has limited applications, because interdiffiusis obtained when adherates are

mutually soluble, and macromolecules are very neolahich is achieved above the glass
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transition temperature. The model is unlikely tea#e the behaviour of polymers which are
not or only slightly soluble in one another, oithe polymer surface is crystalline or highly
crosslinked [Leeden 02]. Attempts to extend thisotly to polymer/metal systems were not
successful [Kinloch 94, Fourche 95].

The electrostatic attractiontheory was developed for the occurrence of antrgdat
double layer at the interface between two solidsrdfore justifying the adhesion force with
the establishment of an electric attraction [Deujachb5]. However, it appears that for typical
adhesive/substrate interfaces any electrical dolayer does not contribute significantly to
the intrinsic adhesion, and observed electricalnpheena during the joint fracture process
probably arise from the failure events, rather tttacause the adhesion between the materials
[Kinloch 94, Garbassi 98].

PN R
M Jf .
a) b)

0]
O 060 6 6 A H
00 00 0 0 B ©
c) d)

Figure 2.2 Mechanisms of adhesion: a) mechanical interlockijgnterdiffusion of chains;

c) electrical interactions; d) chemical interact®(adsorption theory), [Garbassi 98].

The adsorption theoryis the most widely applicable theory. It proposest, when
sufficiently intimate molecular contact is achievadthe interface, the material will adhere
because of the interatomic and intermolecular ®mgkich are established between the atoms

and molecules in the surface of adhesive and sibdtKinloch 94, Leeden 02]. This theory
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includes all the explanations which involve cherhimanding, acid-base and van der Waals
interactions. An essential condition required fostadhesion model is a close and intimate
contact between the substrate and the adhesivethsoreason the adhesive must wet the
substrate surface. Above, polymer surface tensind anergy was shortly discussed.
Qualitatively, the rule holds true that the highiee surface energy of the solid is relative to
the surface energy of a liquid, the better is tletability of the solid and the smaller is the
contact angle and the greater is the adhesion battveo materials.

After wetting and spreading of the liquid, physiealhesion must take place before
any other bonding process occurs. A measure oattingction of two solids ;5and $ across
an interface is the reversible work of adhesWy, given by the relationship of Dupre
[Kinloch 94, Fourche 95, Leeden 02]:

W, = 205" 2 +2( £, 4) Y (2.7)

where ¢ and ¢ are dispersion and polar (dipole, hydrogen, aeiskb interactions)
components of the surface tensitgn is the work required to separate&hd $ creating a
unit of surface area of;%nd $ at the expense of a unit area @f-&; interface, [Krevelen
90, Kinloch 94, Fourche 95].

However, it was shown that the fracture energymaf assembly of few hundred J/m
is considerably higher than the reversible workadhesion (Equation 2.7) [Kinloch 94,
Fourche 95]. The values of the adhesion work asdinateonly secondary bonds act at the
interface which have a much lower bond energy coethdo primary chemical bonds
(covalent, ionic, metallic) or acid-base interanio Adhesion by chemical bonding takes
place rather frequently in the case of polymer-iratarfaces [Fourche 95]. The formation of
such bonds is based on a charge transfer from #talrto the polymer. An increase in
adhesion through the connection by primary bondbiained when special side or functional
groups are introduced along the polymer chain av adsorption sites containing radicals,
unsaturation, etc. are created.

Before finishing this chapter, it is worth mentingithe model based on thesak
boundary layer proposed by Bikerman [Bikerman 61]. The authavetd that failure is very
unlikely to propagate exactly along the interfaliee fracture cohesively propagates in one of
the solid contacts. Thus, whatever mechanisms gower assembly formation, the strength
itself depends on the bulk properties of the adberfrourche 95]. Nevertheless, Bikerman

[Bikerman 61] indicates that another failure mecatiancan occur when the fracture moves
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towards a weak interfacial layer located between tmaterials. Most surface treatments are
used to enhance adhesion by introducing functignalips or creation of a heavily cross-
linked layer. At this point, the concept of a wdadundary layer becomes important because
it introduces the idea of an “interface” which'soperties determine the joint strength
[Fourche 95].

The examination of various theories made on thsisbaf adhesion specifically
referred to polymers, has shown that only thosedhas chemical interactions have a general
character and a wide application. Electrostatic emerdiffusion theories are important in
some specific systems and mechanical interlockiag oause other mechanisms to take part
in the adhesion phenomenon. The theories werereeféo the adhesion enhancement at the
interface of the adherent and the substrate. Howehe cohesive failure suggests the

formation of some weak boundary layer in one ofdbiéls.

2.2.4 Metal-polymer interface formation

Metallized plastics are used extensively in agpians ranging from food packing to
microelectronics [Mittal 98, Lee 91]. Whatever théended purpose of metallization may be,
a metallized polymer will not perform its functiamless the metal adheres strongly to the
polymer substrate. Reliable adhesion between raathpolymer will depend on the nature of
interaction between these two materials. A strdmgndcal reaction involving metal/polymer
bond formation is expected to result in strong adire whereas a purely physical interaction
via van der Waals or electrostatic forces is supg@ds result in weak adhesion [Mittal 76].
Consensus exists that noble metals, such as Awn8lgCu, interact weakly with polymers.
However, it was shown that due to the strong agdieg tendency of noble metals on
polymers, the chemical interaction at room tempeeatand above occurs between metal
clusters and the polymer [Strunskus 98]. For higldgctive metals, Cr, Ti, Al, Co, the
available experimental data show strong chemidaractions with polymers, involving the
formation of new compounds [Faupel 02].

Droulas et al. [Droulas 92] reported the intexactof evaporated Au and Al with
different polymers. Evaporated Al atoms were shdwnnteract by adsorption onto some
specific sites present on polymer surfaces: phengk, ketones and carboxyl ester moieties.
The adsorption results in electron transfer fromadAihe electrophilic sites and formation of a
[COT Al complex, which’s stability depends on the comjmetibetween the metal-polymer
interaction and the metal-metal interaction [Drgui2]. No interaction and formation of
interfacial compounds was found for evaporated Ad @&u on PE and PP. Metal atoms
possess a large mobility on the surfaces of theegblymers and due to strong metal-metal
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interaction a growth involving formation of largéusters followed by coalescence takes
place. Low interaction with formation of unstabletal atom-arene complexes was reported
for Au on PS and PET. In the case of the Au/PSesysthe complex between metal and
substrate was observed for low metal coverage,ewhith continuing metal coverage Au-
arene interaction is weakened. Strong interactidh formation of a stable charge transfer
complex was demonstrated for Al on PS, PEEK, PET.

When Cr is deposited onto a polymer surface, tahneacts strongly with functional
groups of the polymer surfaces causing disoriamadf macromolecules. Arene-Cr sandwich
complexes were favoured for the Cr/PS system, nadti@sCr-C species with four membered
rings were formed for the Cr/PC system, and C-@@&nplex formation was observed when
Cr reacted with C=0 or C-O-C functional groups presn PC, PMMA, PET [Friedrich 99,
Friedrich 00]. The formation of stronger Ag-O-C asmimewhat weaker Ag-species were
observed for the Ag/PET system [Gerenser 92, Bu8gerWhen nitrogen was present in the
polymer rather strong silver-nitrogen-carbon borf@sNH-Ag, C=N-Ag) were observed
[Gerenser 92].

Summarizing the available experimental resultsngex metal-oxygen-polymer or
metal-nitrogen-polymer species will result in staband rather strong metal/polymer
interactions. Complex formation of metal atoms wpgttelectron containing bonds or ring
systems often result in weak and unstable bondsthee the tendency to rearrange [Friedrich
00]. If no functional groups are present in theypwr, as in the case of PE or PP, the physical
interaction between the metal and the polymer leadgoor interaction between these
materials, and therefore to very weak adhesion. Skrength of interaction also depends on
the nature of the metal: reactive metals (Al, Gi$ily oxidise, thus they preferentially will
react with oxygen functional groups; noble metalg,(Cu, Au) are more reactive with
nitrogen [Burger 92].

Even if Al or Cr interaction with polymers is stger compared to the interface
formation between noble metals and polymer surfaites addition of oxygen and nitrogen
functional groups or other kind of adsorption sites improve the adhesion between metal
and polymer. Out of this reason surface modificati® required. There are a number of
modification techniques that in one way or anottteange the polymer surface chemistry. An
overview is given by Chan [Chan 94]. This researchcentrates on the ion-beam induced
physical and chemical alterations of the polymerfazie properties. One of the topics
concentrates on the incorporation of oxygen anagén functional groups into the polymer
surface layer in order to improve the adhesionadifi@ metal on polymers.
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Chapter 3

lon Irradiation

Sputtering is the removal of material from obgeby energy transfer in collisions of
energetic atomic projectiles. It occurs in natusbere it causes erosion of the surface of
airless astronomical bodies. The first documentadtsring in the laboratory was done by
Grove in 1852 [Grove 52]. He indicated the formatad a deposit at the anode of a gaseous
discharge tube and its removal when the polaritythef electrodes was reversed. After
Grove’s discovery, most observations on sputtesrege made using gas discharges for
almost a century. Isolation and characterizatiothefprocess using controlled ion beams in
vacuum and characterization of materials startelgg onthe second half of the twentieth
century.

In this chapter, the basic physical processes ef gputter phenomenon will be
presented. Particle/polymer interactions includihg@ mechanisms of energy deposition,
penetration depth and damage distribution, thezakéjection models of organic molecules,

as well as ion induced effects in polymers areuised in this chapter.

3.1 lon — polymer interaction

lon interaction with a solid induces great dameggilting from bond breakage, which
becomes more important in organic films, since vecp of the damage by annealing
becomes difficult [Venkatesan 87]. Bond breakagerganic materials generally results in
the formation of smaller molecules, many of whichynibe volatile and are easily desorbed,
changing the chemistry of polymers easily and ersibly.

Most of the phenomena observed during ion bombandraf polymers are related to
the energy deposition from the incoming ions totrget. The basic quantity characterizing
ion-to-target energy transfer is the projectileergy loss per unit lengthEéix. Depending
on the ion velocity, energy loss mechanisms cadiided into nuclear stopping power and
electronic stopping power. Another important paremés the ion penetration depths and
therefore the damage distribution. These parametdlsbe shortly discussed below. For
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detailed overviews the reader is referred to a rerrobliterature references [Fink 04, Berisch
81, Berisch 91, Biersak 80, Ziegler 88].

3.1.1 Energy-loss processes of ions in matter

The total amount of energy deposition depends upentarget mass and electronic
structure, as well as upon the mass, energy armhdki of the projectiles. The dominant
energy-loss mechanisms are very different for lond ahigh velocities, as shown
schematically in the Figure 3.1. At low incidentloaties the projectile losses its energy
predominantly via inelastic binary collisions witlie atoms in the solid. The energy transfer
may suffice to remove an atom from its lattice,sibich later can cause other atoms to recoill
resulting in a collision cascade. At high velodti@r very high energy ranges), the energy
loss of ions penetrating matter is dominated bgtsdaic collisions, mainly target excitation
and ionization. In insulators, the lifetimes of g&d electronic states may be long enough to
allow the excitation energy to be transformed iatomic motion and sputtering (electronic
sputtering) [Fink 04, Sundquist 91].

VELOCITY (cm/ns)

13 10 10° 10
| | ] 1

IMeV/,

dE/dx (keV/nm)

01

ENERGY (keV)

Figure 3.1 Nuclear and electronic energy loss per unit lenfflundquist 91].



18 Chapter 3

Thenuclear stoppingower is related to the kinetic energy transfentfithe incoming
ion to the target atoms. The calculations of thelear stopping power have been performed
by considering the fact that due to their low malggtrons can transfer only little momentum
during elastic collisions at high impact energiemk 04, Sundquist 91]. At low energies, the
cross-section for inelastic collisions vanisheshvdecreasing ion energy. The energy loss of
an incident ion is usually characterized by the@gtog power cross sectidh, which depends
on the parameters of a binary collision. The enéogg per unit path due to elastic collisions
is expressed as a product of the cross sectionttendumber density of target atonms) (
[Mahan 00, Fink 04]:

dE
— = (3.1)
o =nS

At high velocities the energy loss of ions pertegigamatter is dominated by electronic
collisions, mainly target excitation and ionizatiofor gases or insulators, tleéectronic
stoppingpower falls off [Golser 91] faster at low ion velties, since there is a non-vanishing

minimum energy transfer. Semi-empirical calculasiaf the electronic stopping power are

based on the concept of effective chazﬁband are obtained from scaled proton stopping

power data [Fink 04]:
S(Z,u,)= Z;ffz S(protony/ (3.2)

where the electronic stopping for heavy ions witltlear charge&, and the proton stopping

power are evaluated at the same velocity. Thisisubecurate for high ion energies for bare

projectiles (ZE“: Zy). For lower energies, the ions may lose or capaleetrons and the

stopping power problem is transferred to the dadniof the effective charge.

According to Bragg’s rule [Bragg 05], the stoppipgwer of ions in a compound
material may be estimated by the linear combinatibthne stopping powers of the individual
elements. However, this rule has limited accuraagalise the energy loss to the electrons in
any material depends on the exact orbital and a&xmit structure of the target matter. The
deviations from Brag’s rule refer to bonding chanteat might alter the mean charge state of
the ion, and hence the projectile energy loss [k The stopping power of hydrocarbons
(can also be applied to polymers) can be derivétgusear superposition of atom “cores”
and “bonds”, with the cores resembling the stogmantribution from the closed shells of

atoms, and the different bond contributions resgltirom bond electrons [Fink 04]. The
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technique, called thecbres and bonds(CAB) approach, was derived by Ziegler and

Manoyan [Ziegler 88]. In general, the stopping ppiseexpressed as following:

S(Z)=(9Z)* corest bonds (3.3)

where g is the fractional effective charge of the ion afidis the atomic charge of the
projectile.

The amount of deposited ion energy used in oueex@nts (ion energy 1- 5 keV)
falls into the nuclear energy loss regime. In tdase, the slowing down of an ion in the matter
can be described as a sequence of binary collisidgthsthe target atoms. The ejection of a
large molecule due to impact of a slow particldifficult to understand within the sputtering
events like single-knock-on, linear cascade or dpike regime (sputtering events will be
discussed in some detail in the following sectidg)ndquist 91]. A single-collision ejection
mechanism may work for small molecules. However, lBrge molecules, a collective
momentum-transfer mechanism via surrounding atonas raolecules is needed to explain
how the intact molecules leave the surface. In ¢hse, linear cascade or spike regimes are
believed to be involved [Sundquist 91]. Even if lewergy ions deposit energy via nuclear
collisions, the electronic stopping is also preseie to both the primary particle and the
recoils [Marleta 90b, Sundquist 91]. The calculatettlear stopping power for 1 keV Ar
ions for polymer samples is of the order of 25 -e¥8A, and, correspondingly, 15 — 18 % of
the energy loss is due to the electronic type $4eV/A) [Biersak 87].

3.1.2 Range and damage distributions
Due to interactions with nuclei and electrons & thrget, and incident ion will be
slowed down along a randomly shaped path. The giiige come to rest at some depth in the

target (Figure 3.2). The range is the total pafigtle of the projectile within the target. The

mean projected rangR’, along the initial direction of the projectile égjual to the average

depth of penetration for normal incidence only. Téwege is given by:

1

EO -
dE " 4e (3.4)

R = -
p
g, O
whereEy andE; are the starting and the final energy of the incgnprojectile, respectively.
The final energy corresponds to the energy at wthehprojectile ion cannot overcome the

potential barrier between the target atoms anddneames to rest.
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Target suface

Figure 3.2 The total range R projected rang®&”, and depth of penetration of a projectile.

For negligible electronic stopping and low energgavy ions in matter, the
relationship between total range and projectedeas@ function of the mass ratio {Mnd

M, are masses of a projectile and a target mateespectively) [Fink 04a, Mahan 00]:

RP=—2 (3.5)

The ion total range and projected range highlyeddpupon the energy of the primary
projectiles and on the energy deposition mechanisiie nuclear energy loss region, i.e. for
low ion energies (0.1 — 100 keV), direct momentund a&nergy transfer from incident
particles to target atoms occurs. A number of lamggle scattering processes leads to a broad,
nearly spherical range distribution. The penetmattange of such ions is up to several
hundreds of nanometres [Biersak 87]. On the othadhfast particles (ion energy > 100 keV)
transfer their energy via electronic excitation mblecules with the ion range exceeding
several micrometers. High energy projectiles uguadive straight particle trajectories nearly
up to the end of their flight path, leading to ghaange distributions. Table 3.1 gives some
results for projected and total ion ranges in pagsnobtained from Monte Carlo range
calculations [Biersak 87] for low energy ions. Tibae range was also checked experimentally
and showed a good agreement with the calculatedesa[Wilson 93a, Wilson 93b,
Adesida84, Hnatowicz 93]. However, the lowest iorergy used in experimental range
calculations was 50 keV, which is still much higltiean our experimental energies. It should
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be noted once more, that we were interested imélae surface layer modification which is
achieved using ion energies up to 10 keV. The damamge for low ion energies is
determined by molecular dynamics simulations, amgl to date was not proved
experimentally. Nevertheless, the ion depth diatidn is comparable to the one of plasma

and corona treatments, with which we would likedonpare our results.

Table 3.1Total ion range Rand projected ion rang®& for some polymers at different ion

energies and ions [Biersak 87].

Element E, keV Polymer Ry, nm R,f, nm
Ar 1 PMMA 5.42 4.36
10 “ 23.31 19.84
100 “ 158.01 143.56
1 PE 5.89 4.89
10 “ 25.32 22.23
100 “ 169.07 156.83
O 1 PMMA 7.33 5.19
1 PE 7.53 5.71
1 Pl 6.51 4.45
1 Teflon 6.44 3.78

Irradiation effects are a consequence of energystea from the projectiles to matter.
If the energy transferred to an atom in a nucledlisoon is lower than the bonding energy to
its environment, the hit atom starts to oscillateuad its equilibrium position. If the transfer
energy is equal to the bonding energy, then thm at@y be released from its initial site, but
will return to form a bond but as highly excited@at [Fink 04]. When the energy transferred
to the atom is higher than bonding energy, atoraskenked out from their original position,
they move longer distances, may hit other atomgltieg in a collision cascade or may even
be removed from the target. The mechanisms of espugt and main parameters describing

the phenomena are discussed in the next section.
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3.2 Mechanisms of sputtering

When ions with energies exceeding a few tens ofnepinge on the surface several

processes are initiated (Figure 3.3):

Backscatteredions
and neutrals Secondary

Incidention® O O electrons and photons

/ O Sputtered atoms

Fl
-
.
-

lon implantét’iéh‘"--—d--"" Altered volume

Surface layer alteration

Figure 3.3Interaction of ions with a surface.

A small fraction of the incident ions is backscedteby the collision with the surface

and near surface atoms. The backscattered particdemostly neutral atoms with a
broad energy distribution.

lon impact at the surface of a solid may also gige to the emission of electrons
(usually referred as secondary electrons) and pisofbhe electrons may be affected
by potential emission, kinetic emission, or Augenigsion from excited sputtered

particles. Photons originate from backscatteredsjputtered particles, excited in

collisions with a surface atom before emissionjicgctly from excitations in the near-

surface region of the solid.

At the end of their range, the injected projectides trapped and accumulate in the
solid. This phenomenon is called ion implantati@md is extensively used in

integrated circuit technology. Nevertheless, imf#dngaseous ions may induce

unwanted results, such as formation of bubblesodistkring of the surface layer.
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The major fraction of the incident ions is slowenlh in collisions with atoms and
electrons of the target. The energy transferredh# target atoms may initiate a
collision cascade, possibly leading to the ejectibaurface atoms or clusters of target
atoms, i.e. sputtering.

The ion impact may also cause some structural aegements in the surface of a
target material like the formation of vacancies anterstitials, changes in the

stoichiometry, etc. [Chapman 80].

Incident ions slow down during the collision wittoms and electrons of the solid.
During the collisions, energy in excess of theidatbinding energy may be transferred to an
atom of the solid. The energy transfer mostly ogsduardirect collisions with target atoms.
However, energy may be also transferred by loatednic excitation and ionization. In any
case, atoms are removed from their original sk@sck-on atoms may also remove other
atoms from their lattice sites, creating a collistascade. Surface or near-surface atoms will
be emitted if they receive a momentum in the dioecof vacuum with an energy enough to
overcome the surface binding energy. It is a mattehance whether the cascade leads to the
sputter ejection of an atom from the surface, oetiver the cascade propagates into the
interior of the target, gradually dissipating timergy of the primary ion impact. Usually more
than 60 % of the ejected atoms originate form st &tomic layer, while the rest comes from
the layers underneath [Behrisch 91].

The traditional concepts of sputtering can be dlidnto chemical and physical
sputtering. Chemical sputtering takes place ifdeat ions and the atoms of the solid interact
chemically and volatile molecules are formed. Thesi®n rate may increase beyond the
value corresponding to knock-on sputtering. Physipattering invokes a transfer of kinetic
energy from the incident particle to target atomsl gsubsequent ejection of those atoms
which have enough kinetic energy to overcome thtaese binding forces. Depending on the
energy and mass of the incident ions, differenlfisioh cascade regimes can be distinguished
(Figure 3.4) [Sigmund 81] as discussed below:

Single-knock-on regim@on energies up to 1 keV). The collision cascaales
dilute and involve only a few atoms. Recoil atomenf ion-target collision
receive sufficient energy to leave the surface,ibig not enough to generate
cascades.

Linear-cascade regimgion energy several keV). Recoil atoms receive

sufficient energy to generate recoil cascades. déresity of recoil atoms is
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sufficiently low so that collisions between moviagpms are infrequent, i.e.
there is larger probability that the moving atontl wollide with a non-moving
atom.

Collision-spike regim¢heavy ions with energies above 100 keV). The it\ens
of recoil atoms is so high that the majority ofratwithin a certain volume is

in motion.
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Figure 3.4 Sputtering regimes caused by
elastic collisions: (a) the single - knock-on
regime; (b) the linear cascade regime; (c)

the spike regime [Sigmund 81].

Classical sputtering regimes, as well as the degpaselof the yield (number of atoms
removed from the target per incident particle) @pegimental conditions were successfully
applied to elemental materials. However, for orgamolecules and polymers new models
describing the emission of large material clustrd biomolecules had to be developed. In
the following subsections, the trends in sputt@lds of elemental targets, and the ejection

mechanisms of organic molecules are discussed.
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3.2.1 Trends in sputtering yield

The erosion of material under ion impact is measusg the sputtering yield,
defined as the mean number of atoms removed framsthface of a solid per incident
particle. The yield values depend on different peeters such as (i) the projectile energy,
mass and angle of incidence; (ii) the mass ofahget atoms; (iii) the surface binding energy
of the target; and (iv) the crystallinity and thrgstal orientation of the solid.

With respect to the incident ion’s kinetic energlyere is a sharp yield threshold,
followed by a rapid increase in yield with increagenergy. There is a broad maximum in the
energy region of 2 to 50 keV, and a decline ind/i@ higher energies. The decline is related
to the deeper penetration of ions into the solid knwer energy deposition in the surface
layers. The threshold (for metallic targets thergpes 20 - 40 eV) exists because there is a
minimum energy (the surface binding energy) thasinfue provided for a particle to escape
from the target [Mahan 00].

Higher mass projectiles give larger sputtering dsetompared to lighter ions. For
heavy target atoms, the yield increases with thd kif projectile in the order N@ Ar ® Kr
® Xe [Mahan 00]. The maximum yield for light targétsobtained at intermediate projectile
masses (argon or krypton).

The yield increases for off-normal incidence upat@oint, and then decreases for
cases of glancing incidence. The increase in yigtlles may be due to an increased
probability to escape for the recoil atoms for wéikmal incidence. The decrease in yield is
because of an increased probability of reflectipeszape of a still-energetic incident particle.
In this case, the number of recoils created dutliegon interaction with the target is reduced.
The maximum sputter yield is observed near 55 todéQrees, which depends on the
projectile energy and mass, and the surface topbgriBehrisch 81].

The particles removed from a solid surface are tedhitwith a broad energy
distribution, with different excitation and chargtates and in all exit angles. At high
emerging energies, the number of sputtered pastiddereases proportional toBJ)¢, where
E, is the energy of sputtered patrticle, [Behrisch. 8he angular distribution of the sputtered
particles may be described by the ideal cosinesamdaw [Behrisch 81, Mahan 00]:

jw(@) =YZ'cosg Ip (3.1)

where jw is the emission flux angular distributiod; is the impingement flux of the
projectiles,g is the emission angle, measured normal to theserfror low ion energies, an

“undercosine” distribution, in which fewer partislare ejected in the direction of the surface
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normal, has been observed. For light projectilesstrparticles are emitted in the direction of
the surface normal, an “overcosine” distributiddelirisch 81, Mahan 00].

Up to now all trends in sputter yield were relatedhose obtained for metals. In the
case of polymers, the determination of the yiel@ isather complicated task. Polymers are
composed of molecules which have long sequence®bo more species of atoms or groups
of atoms, and the usual definition of sputteringld/ifor elemental targets cannot be applied to
the sputtering of polymers, unless the identitialbsputtered particles (usually determined
by secondary ion mass spectrometry (SIMS)) are kndw the case of polymers, ejected
species are usually molecules of different sizeggiB82, Delcorte 99], and the sputter yields
are referred to the yields of molecules. HoweMeg, yield of each molecule decreases with
the exposure time [Briggs 82], and each fragmengnsoved at a different rate. Therefore, in
literature, yields for separate molecules are giW&hen the type of the emitted molecules is
not known, the amount of material removed per tinite is used for the definition of
sputtering rate.

Important observations were made for the molegidll dependence on ion nature,
energy, and angle. The fragmentation of polyethgdemephthalate into low-mass molecular
ions increased with decreasing primary ion masswliiitincreasing ion energy (from 2 to 22
keV) [Delcorte 99]. A yield dependence on incidangle was not observed in the case of
polymer sputtering [Delcorte 99], even though theldyfor elemental materials increases in
the range of 50 to 70 degrees. However, the ddtaikperimental observations, as data for
kinetic energy and angular distributions are scam®d theoretical predictions are not

perfectly valid in the case of low-energy particiduced desorption.

3.2.2 Ejection mechanisms of organic molecules

As it was already mentioned, irradiation effecte a consequence of the energy
transfer of the projectiles to the material. Closehe projectile’s path through the solid, the
deposited energy is extremely high and causes sixgefragmentation of target molecules.
Over time, locally deposited energy diffuses awayrf the initially excited region towards
the material bulk. If the energy transferred frame incident particle to the target atom is
higher than the binding energy of the atom, theitextom is free to move and eventually to
knock-on other target atoms forming a cascade. r&kewdfferent kinds of species are
desorbed from the target including neutral and gé@difragments and whole molecules.

A desorption event in response to the impact ofraergetic projectile is the end result

of a large number of processes, all of which angrinciple amenable to theoretical treatment.
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In contrast to elemental materials, where sputennechanisms are widely investigated and
reported in a number of papers in literature [Bathri81, Behrisch 91, Mahan 00], the studies
on polymer molecule emission by energetic partibembardment are very limited.
Nevertheless, it was shown [Delcorte 99, Sunddiis$tthat ejection mechanisms of organic
materials differ from those of metals. The main adpson theories of organics are
extensively discussed in a review by Reimann [Raim@3]. Here, only the main aspects of
each desorption model (collision cascade; hit tyietinermal models; shock wave; and

pressure pulse) will be presented.

Collision cascade desorption

The collision cascade model is considered forsasavhich solid matter is irradiated
(or bombarded) by keV ions. In this “low velocityggime, the velocity of the projectile is
less than the Bohr velocity, and the incident iets garget atoms in motion by direct elastic
nuclear collisions. Target atoms which are set otiom, undergo subsequent collisions,
setting a second generation of atoms into moti@hsemform an atomic collision cascade, as
mentioned above. A schematic diagram of an atowlision cascade is once more shown in
Figure 3.5 (a).

Generalization of the collision cascade theorthancase of a molecular solid is rather
complex. Hoogebrugge and Kistemaker [Hoogebrugdeh8ve pointed out that the initial,
more energetic part of the collision cascade caddseribed by the atomic collision cascade
model, Figure 3.5 (b). Later, in the low energyimeg the complete molecule takes part in
the collisions because of the presence of strongdfjoFigure 3.5 (c). In this model, a
molecule at the surface is removed by the impa@ ntimber of atoms from below, Figure
3.5 (d).

Haring et.al. [Haring 87] proposed statisticaldalbfor larger polyatomic molecules.
The theory states, that a polyatomic molecule &tingj of m atoms, each of which is hit by
one recoil atom from a collision cascade in thestnalbe, Figure 3.5 (e).

Hoogebrugge and Kistemaker [Hoogebrugge 87] hatended the model of Haring
in a sense that a polyatomic molecule contaimmg 2 atoms has to be hit by exactly two
atoms originating from a collision cascade in orttebe ejected. According to the authors,
each atom from below is assumed to collide wittad pf a molecule to be desorbed, Figure
3.5 (e).
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Figure 3.5 Schematic diagrams of a collision cascade induspdttering of atoms and
molecules. a) Collisional cascade in an atomicddh) - d) Collision cascades in an organic
solid. b) At early times, the cascade has an ataharacter. c) For later times, the cascade
has a molecular character. d) One molecule beirgted by several atoms impacting from
below. e) A schematic diagram of statistical madef - model of Haring: to eject molecules
each atom should be hit by one recoil atom; rightodel of Hoogebrugge and Kistemakar:
molecule containing m > 2 atoms is hit by exactiy tatoms originating in a collision

cascade.
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A general principal of the collision cascade thetwy organic materials would be:
desorption of a large molecule with sufficientlyonternal energy to avoid fragmentation
that requires some kind of “collective” desorptijmrocess, i.e. a push in the same direction

by several atoms colliding from below, [Reimann.87]

Hit theory of desorption

The main idea of the hit theory, introduced by K#tatz 68] is that if a molecule near
the surface receives at leagt hits, then the molecule is desorbed. The theodgssgned for
cases in which incident MeV ions are responsibtete initial excitation. In this case, target
particles are set in motion indirectly through xatfion of electronically deposited energy.

A schematic diagram of an organic molecule bond suirface is shown in figure 3.6.
The molecule is assumed to be hit by a flux of sdaoy electrons due to the nearby passage
of a MeV ion through the material. Desorption of thtact molecule under these conditions
requires the preservation of all internal bonds tredbreaking (excitation to an anti-bonding
state) of some of the external bonds. The chargieofremoved species depends on some

additional adjustments in bonding.

A
///T \ Figure 3.6 Schematic diagram of an organic
molecule showing internal bondé and
H\ j/[ \\-. bonds to surrounding molecules in the
B ) /1 surface B. Successful desorption requires
f‘“ — ———/j/ breaking of all bond® while leaving all of

bondsA intact

Thermal models of desorption

Thermal models of desorption may be described k®aimg: after impact of an ion
energy is deposited locally within a small volums. a result of either collisions or coupling
of electronic energy into the nuclear coordinatagget particles receive a certain amount of
kinetic energy. If nearly every particle in the egieed region receives a significant amount of
kinetic energy, then the energized region is retkno as a “thermal spike” and may be
characterised by its temperature. The created tilespike evolves spatially over time
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because of heat conduction. The excited regionrhesdarger but at the same time it cools
down, finally diluting completely.
There are two mechanisms by which desorption oqsees Figure 3.7):

1. Activated desorptiomr evaporation from a heated region on a molebyieiolecule
basis. Lucchese [Luccheses 87] stated that for émchimpact, there will be a
relatively sharp boundary between the region incwhmearly all surface molecules
have been desorbed and the region in which almmsurface molecules have been
desorbed. According the model (Figure 3.7 (a)),yomolecules from the first
monolayers are assumed to be desorbed.

2. Bulk desorptiorrefers to events in which locally deposited energyses an abrupt
transition of a small volume from the solid or lidyhase to the gas phase, after
which the material which is in the gas phase istteshiat once. This desorption
mechanism is sometimes referred to as “gas-flow"pbrase explosion” desorption,

and different approaches were used to model the degorption process [Sunner 88,
Urbassek 91, Kelly 90].

Figure 3.7 Schematic diagrams of

the thermal desorption mechanisms.

a) Activated desorption. b) Bulk

Heated regions

desorption.

Shock-wave models of desorption

The incidence of energetic particles onto surfaeeslead to extremely high deposited
energy densities. One possible consequence of la éngrgy density and a high energy
density gradient is that a “shock wave” may be te@avhich propagates outward from the
region of excitation. If a shock wave is reflectgdthe surface from below, material may be
“mechanically ablated” by being in effect left bethiduring the unloading wave. It is also

possible that the shock wave energy may be focusteddefects or narrow protrusions
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sticking out of the surface, also leading to direchoval of a part of the solid. Finally, after a
shock wave passes through a region of a matehi, région is left in heated state. The
excess thermal energy may cause desorption threugporation or bulk desorption due to
the energy density gradient [Zel'dovich 67, Lan&a(

A qualitative definition of a shock wave could be fallowing: a shock wave is a
relatively narrow mechanical disturbance propagatinrough a material causing distinct
changes in thermodynamic parameters like pressemgerature, and material density in its

wake.

Pressure-pulse model of desorption

The theory of a pressure pulse model of organiteautes has been presented by
Johnson et al. [Johnson 89]. In this model, antramersing a solid is assumed to deposit
kinetic energyZE; in a small spherical volume of radius The kinetic energy could either be
the result of a collision interaction or of an eteaic interaction with partial conversion of
the electronically deposited energy into kinetiergy. The assumed geometry is shown in
Figure 3.8. The energy is assumed to propagateftugion. As energy reaches the surface,
desorption of molecules may occur by evaporationwlben a molecule receives a critical

momentum in direction of the surface normal.

desorbed
molecules

surface \\ / . . . .
? 7 Figure 3.8 Left: an incident ion creates
] / . . N
2r,. Gsf— | O ) coriae a I?Céllzed .reglon of klnetlc. energy
f’ / excitation. Right: the energy diffuses by
ion®
\ - \ collisions. As the energy reaches the
before diffusion after diffusion surface, desorption occurs either by

evaporation or in response to the

correlated volume force.

To sum up the discussion, the theories discusssalea were developed and
experimentally tested under very different condisiavith respect to the target state (liquid or

solid), the bombardment energy, and the ion tygen{e or cluster). Because of these
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differences, none of the models can be appliedetscnbe processes that take place in a
polymer under ion bombardment, and it is quite saable to apply two or more models.

Desorption of a large organic molecule withoutngfigant fragmentation requires a
considerable impulse without large influence of thiernal energy. “Volume forces” and
collective motion of the lattice can satisfy thesguirements and lead to the emission of
intact molecules relatively far away from the awdathe initial excitation [Reimann 93].
Consequently, the bulk desorption, shock wave amdspre pulse models are the main
candidates to describe the removal of large maodscuEven if bulk desorption and the
pressure pulse/shock wave models are most suitabldescribe the ejection of large
molecules under particle impact, there are casestiech the collision cascade, ion track (hit
theory), and evaporation models can by applied nfiaen 93]. For example, evaporative
models can provide a good explanation for MeV ioduiced desorption of small molecules.
The collision cascade model describes the hightikinenergy component of molecules
desorbed under keV ion bombardment.

3.3 Molecular dynamic simulations

Molecular dynamics (MD) simulations can providepontant results regarding ion
penetration ranges and damage distributions, andh@decular desorption mechanisms and
processes that occur in irradiated polymers.

Up till now, a number of Monte-Carlo calculationen done to determine the ion
range in different materials as a function of thienary ion energy [Fink 04, Biersak 87]. One
of the most often used simulation codes for rangksiopping power determination is TRIM
(transport of ions in matter) [Biersak 80, Biers8K]. Since the first calculations and
simulation codes for polymers were developed, tpctis a matter of interest in research.
There are a number of different codes (SRIM, C&HT, MSTAR) that are equally good
when compared with each other, and most importah#gretical results agree well with the
experimental data [Fink 04].

In the past decade, MD simulations were perforfoethe molecular desorption from
organic overlayers on inorganic substrates [Ganri3@, Delcorte 00b, Delcorte 01]. In such
simulations, separate PS molecules were placedsivea substrate, therefore the molecule
ejection mechanisms depended highly on the iomaot®n position. If a low energy (1 — 5
keV) argon ion hit the Ag substrate, silver atoms set in motion due to the successive
collisions between the atoms. In the case thaptimeary energy is quickly dissipated among

Ag atoms belonging to the top layer, high yieldssabstrate atoms as well as intact PS
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molecules were observed [Delcorte 00b]. During36@ eV Ar ion interaction with a PS cube
(1000 &), small polymer molecules were removed duringfite femtoseconds. The whole
PS cube was fragmented because of the collisiazadas inside the polymer coils, and large
molecules were emitted [Delcorte 01]. The obtaimedults did not reflect the exact
desorption mechanisms of thick polymer samplesjraslations were done for organic layers
with a thickness much smaller than the penetradepth of incident ions with energies of 0.5
—1keV.

Beardmore and Smith [Beardmore 95] were the filsb modelled a polyethylene
crystal under 1 keV Ar ion bombardment. They ideedi the induced damage in the solid
(chain scission, cross-linking, carbonization) &hd ejection process was attributed to a
quick sputtering of atoms and radicals, followeddbgwer large molecule desorption. The
most recent paper by Delcorte and Garrison [Detc@4] reported the kinetic energy
distributions of PS fragments desorbed from a figtgsie matrix (organic sample of 250 hm
containing 232 PS tetramer molecules) under 500 AgVion irradiation. Performed
calculations showed the emission of some large cntds as well as a large yield of small
fragments like Hor GH,. The entire emission event takes up to 10 ps,wisiecnuch slower
than molecule emission from the Ag substrate [D#dcO1, Garrison 00]. Fragmentation of
large molecules was not excluded, as emitted mEsquossessed internal energies between
0 and 40 eV and species leaving the surface wighgees larger than 30 eV are expected to
decompose in vacuum. Another important observati@s that energy dissipation and
molecular ejection were localized, and a large tioac of the energy was stored in the
vibrational modes of the excited molecules.

Up till now, there are no MD simulations done faslymer systems in which post-
chemical reactions are taken into account. Theutations are usually performed for very
first ion interaction with a target. What ejectianechanisms and energy dissipation
mechanisms occur at later ion bombardment times e whole polymer surface chemistry
Is changed is still under question.

3.4 lon irradiation effects in polymers

lon irradiation leads to irreversible changes ngamic materials. Many polymers,
when exposed to radiation, suffer main-chain sorsdeading to the formation of low
molecular weight molecules and loss of their mead@mproperties [Charlesby 87]. If there is
no external supply of some reactive elements, antthe case of a higher concentration of

primary radicals, the open polymeric bonds occgrdaring the scission have time to react
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with each other, thus initiating cross-linking, icaing, or creation of double bonds. In such
cases, the molecular weight increases. Both ionged chain scissions and cross-linking lead
to irreversible changes in the polymer and itstelggoperties. Scission ultimately degrades
the polymer itself and the irradiated layer faifsgross-linking dominates, adhesion failure

occurs between the strongly cross-linked polymeiores and the underlying unirradiated

polymer. Calcagno and Foti [Clacagno 91], PuglRuglisi 88], and Fragala [Fragala 98]

measured molecular weight distributions after paynnradiation at energies in the range of
100 keV to several MeV.

Some of the excited states may survive for venglomes. These states are known as
radicals. The lifetimes of such radicals are longugh to undergo chemical reactions. If a
polymer is positioned in some reactive environmafter irradiation, like treatment with
reactive gases such as, ®l,, or placed in ambient atmosphere, long lived @diecnay also
react with reactive species forming special funwiogroups. For example, polymers treated
with oxygen plasmas [Moss 86, Charbonnier 00, Ficed00] have oxygen-containing
functional groups which lead to an increase in putymer surface energy. Nitrogen-
containing plasmas introduce carbon nitrogen fonetities required mostly for the
improvement of wettability, printability, and boriulkty.

In fact, chemical changes caused by the irradiatibpolymers are relatively small
[Charlesby 87], but these changes produce majosipaly modifications. Interest in ion-
induced polymer modification has grown significgndlue to reports of large improvements
in metal/polymer adhesion. These have been obtaisid ion stitching with MeV ions, ion
beam mixing and ion beam assisted deposition (IBABaluska 92]. In the case of ion
mixing, a thin metal film is placed on a substratel ~ 100 keV ions are implanted into the
specimen such that the resulting collisional mixiregurs in the interfacial region. According
to the ideal surface modification idea, low eneligns are most suitable for surface
modification. In the case of IBAD, the polymer sag# is bombarded with low energy (100 —
1000 eV) ions during metal film deposition. Adhesienhancement in this case has been
attributed to a variety of mechanisms, such as daw@nbond formation, contamination
removal and interfacial mixingAn increase in the peel strength was also obsefoed
polymer surface modification before metal deposifiélitsch 90].

The morphology of polymer surfaces may also bengbd during the irradiation
forming cones or spike-like features. Especiallgagreffect was observed on the surface of
fluoropolymers [Michael 86]. In addition, opticaElnan 83], electrical [Venkatesan 83,

Wang 93], and mechanical [Carlson 85] propertieggadymers are changed.
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Chapter 4

Experimental and analytical techniques

In this chapter, an overview of the instrumentatd the analytical and experimental
techniqgues used for the sample preparation andactesization is given. Experimental

parameters and detailed procedures will be presemt€hapter 5.

4.1 lon-beam sources

The development of ion sources started with thwestigation of the canal rays by
Goldstein in 1886 [Goldstein 96]. Later, electrdora collisions were used to design low
current ion sources. Higher ion current sourcesimecavailable with the investigation of arc
discharge ion sources in the 1930s. In the 194@gsfthand microwave plasma ion sources
came into production.

The characteristics of an ion beam are determiyatid plasma and the extractor. For
example, the ion beam current is determined by glesma density, plasma electron
temperature, the extraction voltage, and the etdrageometry. The beam emission is
determined by the plasma density distribution, gl@sma ion temperature, and the extractor
geometry. lons are formed from neutrals by differemization mechanisms. The various
ways in which ionization can be achieved includecbn impact ionization, photoionization,
field ionization, and surface ionization. Often tigpe of ionization determines the type of the
ion source. The physics of an ion source is praltyplasma physics [Chapman 80, Wolf 95,
Brown 04]. Nevertheless, this work is dealing witle ion interaction with polymer surfaces,
and not with the plasma itself. Therefore, a dethihnalysis of the plasma and ionization
effects is beyond the scope of this research.

There is a large number of ion sources with respethe parameters such as beam
current (the total current extracted from the exierture of the ion source), ion energy and
energy spread (half-width value of the energy ifigtron), and beam purity [Fuchs 90]. An
overview of different types of ion sources can benid in the books by Wolf [Wolf 95] and
Brown [Brown 04]. As mentioned above, low energy isources were selected for this
research in order to perform surface modificatibpaymers, which leads to the alterations

in various physical and chemical properties, wHdaving the polymer bulk properties
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unchanged. The working principle and instrumentatid the electron bombardment and

microwave ion-beam sources, which were used iptbsent study, is given below.

4.1.1 Electron bombardment ion source - ISE 10 iosource

Such a type of ion source is mainly used in avdaere a well defined electron energy
is required and a moderate ion current is suffici@dvantages of this ion gun design are the
low energy spread of the ions, and the easy anapctiesign. The largest disadvantage is the
low filament lifetime in presence of reactive gases

The working principle is the following: electroase emitted by a cathode, usually by
thermionic emission, and accelerated towards adarfdome of the primary electrons collide
with the gas atoms and ionize them. Secondaryrelecfrom these collisions are accelerated
towards the anode to energies depending on thatmtdistribution and the starting point of
the electron. The potential distribution dependstlaan electron current density and the gas
pressure. If the anode potential is increaseddovétiue of the ionization potential of the gas
used, ions are created in an increasing numbelr thetienergy reaches the maximum of the
ionization cross section. With increasing potentrabre and more secondary electrons can
gain energies above the threshold energy requmedohization and contribute to the ion
production. The ion energy spread can be as lasgihe potential difference between the
threshold energy and the anode potential, dependinghe point of ionization and the
position of the extraction aperture. The ion enesgsead in the low-pressure regime can be
reduced by introducing a grid close to the cathadech will act as anode, and the extraction
aperture, which is kept at a few volts above ograd potential. The cathode design also
influences the energy spread of the primary elestibrough the potential difference along
the directly heated cathodes. This leads to lowaga high-current cathodes.

The ISE 10 ion source (OMICRON3 designed to clean the samples for surface
analysis. This ion beam source was used for thgnpal surface modification with inert and
reactive gases, as well as for determination okfheter rate of the polymer. lonization in the
ion source is done by electron bombardment in otdeallow a continuous variable beam
current in the nA terA regime. Figure 4.1 shows the schematics of therex and interior of
the ion gun. The ion generation takes place inaid®llision chamber which has a special
shape (Figure 4.1 (b)). Electrons are emitted firaircular Yttrium oxide coated ribbon
filament and subsequently accelerated by an anodevhich has a potential of +120 V with
respect to the filament. While travelling to theoda, the electrons ionize the neutral particles

(atoms and molecules) present in the volume betweeicathode (filament) and anode. The
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anode is shaped in such a way that the electrmss ¢he anode volume many times. This

increases the collision probability while at themsatime avoiding the presence of an

additional magnetic field.

Sample \

; —:

Aperture Plate

Filament

b)

Gas inlet
C—1
Aperture @ 9mm
— 5 3 aml
10> mb < 10% mbar
p< mbar / / P am'
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150 - 255 mm
a)
Gas Inlet
Feedthrough

Figure 4.1a) The ion gun exterior with the outer dimensioasg the pin connections (1-
repeller, 2-focus, 3-extractor, 4-anode, 5-filamét 6-filament (+)). b) The interior of the

ion gun.

The ions are mainly produced in the filament pland subsequently extracted from

the source volume while being accelerated to asplected kinetic energy. The final ion

energy can be selected in the region of 0.1 to\d ke ion-optic lens is placed behind the
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extractor electrode and focuses the ions into anbe#h a diameter (FWHM) in the range of
3to 12 mm.

4.1.2 Microwave ion gun - lonEtch sputter gun

lon sources using plasma generated by a microdiaebarge in a magnetic field have
many advantageous features. There is no hot filgnteis allows to run the source using
aggressive gases, provides long lifetime, it isy¢asoperate, and large areas can be treated
uniformly. The main disadvantage is the limiteetifne of the microwave window because
of electron bombardment and metal vapour deposition

A microwave ion source consists of a single or timdde cavity, or contains a
separate vessel made of insulating material. Int Masrowave ion sources, a magnetic field
is superimposed to improve the microwave heatinthefplasma electrons. Microwaves are
coupled into the discharge chamber with an antemmaicrowave window. lons are extracted
from the microwave-generated plasma in the usual theough the single- or multiple-
aperture or slit extraction systems. Microwaveeny the discharge chamber can propagate
through the plasma and transfer their energy te &lectrons, which further ionize the gas
atoms. If electron density in the plasmma,E 6.66° 10" cmi® for 2.45 GHz) reaches its
maximum value, microwaves cannot enter the plasmanaore and can only be weakly
absorbed at the plasma surface. In the presenaehah magnetic fieldB. = 87.5 mT for
2.45 GHz), electron cyclotron heating occurs arartght-hand circular polarized fraction of
the microwave can enter the plasma. If the magrfetld exceeds the electron cyclotron
resonance (ECR) value and the neutral particleiyeisssufficiently high, the energy of the
microwave is effectively absorbed by off-resonaheating process. In this way electron
densities of 18 cmi® can be generated and high ion currents can bacgett from the plasma
[Wolf 95, Brown 04].

Figure 4.2 shows the external and interior schiesaif the lonEtch sputter gun
(Tectra) which was used mainly for determination of théypeer sputter rate for different
gases, and large surface area modification. Pldemihis gun is generated in a quartz cup
with inner diameter of 53 mm, Figure 4.2 (a). Thg d¢s surrounded by four water cooled
magnets made of neodymium-iron-boron, which prodda€&k zones in a multi-cusp field.
The magnetron is operating at a frequency of 2.l ,@&nd is mounted at the end plate. The
cylindrical resonator of fixed dimensions is coasted with sliding end plate.



Chapter 4 39

Beam Exit o y

) In Vacuum Length S0aimy
Grid Supply Leak Valve
= 1
Electrical Feedthrough ..II|©))

Cooling Water &

Gas Inlet

Resonator

400 mm
Water Lines  Grid Supply  Microwave
Feedthrough
Microwave Magnetron ‘
Cooling Water B85 |
1
a)
Magnetron
L]
Quartz :
cup Ma‘gnets
Water o : J
cooling I EH 1 Gas
— La o inlet

b)
Figure 4.2a) The lonEtch sputter gun. b) The interior of itve gun. [Anton 00]
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Microwaves are generated by a microwave magnenoincoupled through a resonant
coupler into a coaxial feedthrough structure whichdes the microwaves into the vacuum
and up to the boron nitride (BN) plasma chambeasih is excited in the chamber and the
microwaves are absorbed. The plasma is physicalhfimed to the chamber by BN and
occurs there preferentially due to the higher gz pressure and the assistance of the ECR
effect. Further enhancement of the plasma densitgrovided by an axial magnetic field
arranged around the discharge chamber. This geseaamagnetic field of 87 mT strength
inside the plasma at which electrons in a 2.54 Gterowave field will undergo ECR
motion. This spiralling motion greatly increaseg tectron path length and therefore the
probability of collisions with other molecules asdbsequent ionization. The open end of the
plasma chamber is closed with an aperture contiairsingle hole. The aperture is made
from molybdenum, with the hole diameter being 1/.m\ positive voltage applied to this
aperture accelerates ions from the plasma intellaenber. A second aperture is provided to

assist ion extraction and beam current control.

4.2 X-ray photoelectron spectroscopy
4.2.1 The background of XPS

X-ray photoelectron spectroscopy (XPS) involveadration of a sample with soft X-
rays and the energy analysis of emitted photo@estwhich are generated close to the
sample surface. XPS has its origins in the invaibg of the photoelectric effect, discovered
by Hertz in 1887 [Hertz 87], in which X-rays werged as exciting photons. The X-ray
irradiation causes photoionization of atoms ingpecimen and the response of the specimen
is observed by measuring the energy spectrum oériitted electrons. The kinetic energy
of the emitted photoelectrons is related to thea)X-@nergylfv) and the binding enerdy, of
the core electrons of the element by the Einseation [Einstein 05]:

E =hv- § (4.1)

The photoemission and relaxation processes (Xd@ydscence (XRF) and Auger
electron emission (AES)) that occur during X-raadhiation are presented in Figure 4.3. The
left hand side of the figure shows a schematic ggn&vel diagram of a solid at an initial
state. Energy is measured downwards from an assueed level taken at Fermi level.
Normally, vacuum level should be chosen as zerellemergy, but in XPS and AES binding
energies are measured with respect to the Ferml. lev
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If the core level (for example the K level, as giva the Figure 4.3) is ionized by an
incident photon, whose energy is greater than the binding eneigyof an electron in the K
level, the emitted electron leaves a hole in thre éevel. If the photoelectrons have sufficient
kinetic energy, they are able to escape from tihiasel by overcoming the work functidhs
of the specimen, and photoemission is said to oddw kinetic energ¥x at which electrons

are emitted is given by:

Ek = hv- E)'F s (42)

TSI
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fetalsteletoteletets
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hv = (E-E)

Initial state XPS XRF AES

Figure 4.3Photoemission and subsequent relaxation proce¥$ts,and AES.

Auger series are the result of one of the decayham@sms of the core-hole created
during photoemission. Following the creation of titde in the K level, the atom relaxes by
filling the hole with an electron via transfer (wansition) from an outer level (for example
level Ly as shown in the Figure 4.3). The excess kinetrgrv, becomes available during
the transition. If this energy is emitted as anaX-photon, X-ray fluorescence occurs. If the
excess energy is transferred to another electrtrerein the same or in a higher level,
emission of an Auger electron with an eneEgytakes place after the electron, e.g. in level
L. 3 gains the remaining excess energy. After the A&HE8ct took place, the atom is in a
doubly ionized final state. For nearly all elemeassociated with polymers AES dominates
over X-ray fluorescence [Briggs 98].



42 Experimental and Analytical Techniques

In every XPS spectrum, the peaks can be dividedl tintee classes: peaks due to
photoemission from core levels, from valence levathgl Auger series due to Auger emission.
With Mg K, and Al Ky photons (Section 4.2.2) at least one core levelxigted for any
element in the periodic table (except hydrogen) tedcharacteristic binding energy values
allow elemental identification. The core level dpacconsist of separate, sharp, clearly
identifiable peaks.

Valence levels are those occupied by electronswfbinding energies (0 — 20 eV)
which are involved in delocalization or bonding itats. Here, the spectrum consists of many
closely spaced levels giving rise to a band stnectduger series result from the decay
mechanism for core hole states. Because some dévkeés involved can be quite close in
energy, there are several competing processes wnehrise to a series of peaks in a
particular region of the XPS spectrum.

The soft X-rays penetrate many microns deep int ghmple. But only surface
photoelectrons leave the sample without inelasbitistons retaining their original kinetic
energy and so that they contribute to the peakkerCelectrons suffer inelastic collisions
resulting in energy loss during the movement thiotinge solid. These losses usually give rise
to the step-like increase in the background onldiekinetic energy side of the spectra. The
probability of an inelastic scattering event towcis determined by both the kinetic energy of
the electron and the material through which itréas¢lling. For the photoelectrons emitted
with a certain angular distribution from a deptlbelow the surface, the intensity can be

written as:
I, =1,exp(z // sig ) (4.3)

wherel; is the intensity originating from the atoms at tthep, Iy is the intensity from the
surface atoms anglis the electron take-off angle with respect togbdace. In this casé,is
the inelastic mean free path of the detected elesfrdefined as the average distance that an
electron with a given energy travels between sisizesnelastic collisions. Because values
for / are derived from ‘attenuation’ experiments,s also called attenuation length. The
dependence of on kinetic energy is expressed as a power rektipn = E*, wherex lies
between 0.5 -0.7 for a wide range of materialspfganic materialg > 1 [Briggs 98].

Due to the exponential decay behaviour (Equati@), 4t is not possible to derive a
unique value for the sampling demthhat varies with the take-off angle and it is Hasis of
angle-resolved XPS. Commonly 395% detection) is taken to be the ‘sampling defthe

maximum information depth possible to measure isou® — 10 nm [Sabbatini 93, Briggs 90,
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Briggs 98], which is approximately the same asitinerange of low energy ions (1 — 5 keV)
in a polymer substrate (Section 3.1.2) [Biersak dHis is the reason, why XPS is such a
surface sensitive technique. It is able to perfetemental analysis because no two atoms of
the periodic table have the same set of bindinggée® Moreover, XPS can be used to
collect information on the electronic structure ahd chemical environment, since for the
same kind of atom the energy levels change witlr thhedation states or with their net

charge.

4.2.2 Instrumentation
A schematic diagram of the XPS (Omicron FullLabdtioment is shown in Figure
4.4. The spectrometer consists of a vacuum chanalpeX-ray source, an electron energy

analyzer, a detection system, and a data acquisyistem controlled by a PC.

Figure 4.4 Schematic diagram of an XPS instrument. A - aea)ysC — analysis chamber,
L — focus and retardation lenses, D — detector,sBts, SP — specimen, X — X-ray source.
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It is necessary to have good vacuum in orderttier photoelectrons to reach the
analyser without being scattered by residual gakeentes. In our laboratory, the vacuum in
the analysis chamber is in the range of £010'° mbar. This ultra-high vacuum condition is
enough to avoid electron scattering, and to redlbeecontamination (or increase the time for
adsorption of a monolayer of contaminants) of thengle surfaces with the residual gas
molecules.

X-rays are generated in the X-ray source by bodibgran anode with high energy
electrons from a heated filament. The emission tsyec consists of characteristic lines,
emitted due to electronic transitions of outer lshlglctrons into the core-holes created by the
impact of the electrons. The X-ray source usedunexperiments contains a double anode
system featuring aluminium and a magnesium anads) Which Ka X-rays having energies
of 1486.6 eV for Al, and 1253.6 eV for Mg are emmitt These types of X-rays have sufficient
energy to excite core-level electrons of all eleteeMhe characteristic linewidths are
relatively narrow (Al 0.85 eV, Mg 0.7 eV, [Brigg®OP minimizing the contribution to the
photoelectron linewidth.

Emitted electrons are collected, retarded and ardlyn the analyser in which the
energy distribution of the electrons emitted fromme tsample is measured and the
photoelectron spectrum is plotted as intensity weldgnetic energy. The EA 125 concentric
hemispherical analyser (CHA), connected to our XSem, is composed of two concentric
hemispheres. The inner and outer hemispheres asedinegatively and positively with
respect to the pass energy of the analyser. THgsgnalisperses electrons according to their
energy across the exit plane and focuses theneimnular dimension, from the entrance to
the exit plane.

The input lens collects the electrons from the sewr target and focuses them onto
the entrance of the analyser simultaneously adjgstieir kinetic energy to match the pass
energy of the analyser. The lens is also designedefine the analysed area and angular
acceptance of electrons which pass through the dpdrarical analyser. The length design
employs a double length concept, where the firsgjtle selects the spot size and the angular
acceptance, while the second lens retards or aatetethe electrons to match the pass energy
of the analyser.

The detector consists of a five channel electroritiplier (channeltrons), placed
across the exit plane of the analyser, amplifydineent of a single electron. The transmitted
electrons are dispersed in energy across the amadiis by Ry/E, mm eVv? (Ep is the pass

energy). The small current pulse present at thpubwdf the channeltron is passed through a
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vacuum feedthrough to a preamplifier. From heresifgaal is passed on to pulse counter for
processing and production of an electron energgtea.

As it was already mentioned above, emitted phetdeins leave the sample with a
kinetic energy given by the Equation 4.2. A schéenahergy diagram of a sample and

analyser is shown in Figure 4.5.
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hv Vacuum level

R
2 CDS E, of the sample

and first lens element
£ M, etc.
b
. . ' L2.3
@ ® L

<>
<*

N

O @ K
Sample Analyser

Figure 4.5 Schematic energy diagrams of a sample and analizsen if the true kinetic (B
energy of the electron leaving the sample depends® work function of the samptg, the

measured kinetic energy Bepends on the work function of the analysgr

The true kinetic energy scale cannot be measunextttyi becausd-s varies from
sample to sample and it is not known. The offséhefspectrum b¥ s is not important since
the kinetic energy measured with the analyser momant. The ejected electrons pass through
the first length element and then are retarded myamount R, determined by the lens
voltages, before entering the analyser. The analgsa band pass filter only transmitting
electrons with an energy very near to the pasgrigr Therefore electrons have a measured

kinetic energyEx = R + E,. But the analyser has its own work functibn. Therefore



46 Experimental and Analytical Techniques

electrons which have been transmitted by the aealygh a retardation dg, would have a
kinetic energy that is independent of the work fiores of the sample:

Ek = hv- E)'F a (44)

In the hemispherical analyser two concentric hehesps with the outer radiuz,,
inner radiusR; have a mean equipotential surface between theradnisR,. PotentialsV;
andV; (V2 > V,) are applied to the hemispheres. If electrons waittenergye, are ejected at
S, tangentially to the equipotential surface, thell e brought to a focus ab JFigure 4.4),
irrespective to the plane of their circular tragegt The relationship between the pass energy
and the potential difference is given by:

The analyser is a band pass energy filter for elastwith a specific constant pass
energy Yyielding a constant energy resolutidih throughout the spectrum. The finite energy
resolution depends on the electron pass energlitheidth and the acceptance angle of the
lens system. The energy resolution of the analgsgiven approximately by:

DE =E, % +a°

(4.6)
whered is the slit width andh is the half angle of the electrons entering thalyser at the
entrance slit. For the EA 125, whd®g = 125 mm,d = 1mm, anda » 3°, theDE can be set
05-1eV.

An extensive quantitative analysis of XPS candamd in the literature among which
are those by Seah (1980), Briggs (1990), etc. Thet@ons used to determine elemental
concentration and film thickness will be given lre tchapter “Experimental” where particular
experiments (surface chemical analysis, sputterdatermination by means of XPS, polymer

film thickness calculation on the peeled off meidk) will be described.

4.3 Transmission electron microscopy

In transmission electron microscopy (TEM) higlergy electrons are used to irradiate

thin specimens about 100 nm or less in thicknelss.tfansmitted electrons form an image of
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the specimen magnified in several steps with tlue odi electro-optical lenses. The entire
image can be observed directly on a fluorescentescr A detailed description of this
technique can be found in books by Fuchs [Fuchsa@@]Reimer [Reimer 84]. TEM offers a
high resolution which extends to atomic dimensiand microscopy of thin film specimens
yields information about the material structure.

The electrons emitted from the electron gun acelacated to an energy of 100 — 300
keV. The condenser lens then shapes them into proxamately parallel beam which
illuminates the specimen uniformly. The objectiead produces a first image, which then is
further magnified by intermediate and projectorsks and is finally projected onto the
fluorescent screen. The image can be recorded plata by exposing the photographic
emulsion, or as in our case by CCD camera, whichvalfurther digital picture processing.

The image contrast is generated by the inciderttreins that are elastically scattered
or diffracted in the specimen by small angles. lostrcases, only electrons penetrating the
specimen without scattering are used for image &ion. The adjustable objective aperture
limits the scattering angle of the electrons to anger of 1mrad and allows only the direct
beam to pass through. Since the scattered or d#faelectrons are excluded, any changes in
the intensity of the transmitted beam due to inhgeneities in the specimen with respect to
density, thickness, and orientation create an incagérast.

In this work, a Philips CM30 electron microscop&hwa maximum acceleration
energy of 300 keV was used to analyze the forne, s distribution of metal clusters on the
surface of thin polymer film. In this case, the lifyaof the TEM images is influenced by the
scattering contrast, which is produced in the speni when different regions differ in

thickness, density or mean atomic number [Fuchs 90]

4.4 Quadrupole mass spectrometry

When a solid surface is bombarded with ions, camepts of this surface are
sputtered, and some of the sputtered particlegrartted as ions. Analytical information can
then be obtained in a mass spectrometer that @seost the basis of first storing ions and
then facilitating their detection according theirags/charge ng/e ratio. The extensive
quadrupole mass spectrometry (QMS) reviews witletaitd review of the theory are given
by Dawson [Dawson 76], March and Todd [March 98 &uchs [Fuchs 90].

In QMS, mass separation takes place by the edawitaf ion oscillations in an electric
quadrupole field, which consists of the sum ofaistand a high-frequency component. The

field is generated by three cylindrically symmeglectrodes (two end caps and a ring) with a
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circular or in the ideal case hyperbolic crossisactThe principle layout of the QMS is
shown in Figure 4.6. A direct voltagk and a high-frequency voltag®cosut are applied to
the electrodes. lons injected at point O in thereation perform lateral oscillations in the
high-frequency quadrupole field. For specifieddiglarameters and ions of uniform charge,
the shape of these oscillations depends on the. massquadrupole ion trap uses the filtering
action to maintain ions of the choserie range within a closed volume, rejecting all others
lons of a specific mass move along a stable patlaril can leave the spectrometer in the
direction of the detector. lons of deviating massfgrm instable oscillations with increasing
amplitude (2), finally striking the electrodes atidis being eliminated. The chosen ions are
accumulated within the volume and then their numbeameasured after a suitable storage

period.

(U, + U, cosat)
O—@

-(U, + U, cosat)

Figure 4.6 The principle of the quadrupole mass spectrométerexplanation given in text.

A QMS 200 (Blazers) was used to determine the tfpe bombarding ions and to
detect the molecular species emitted during icsdiation at different sample temperatures.
The QMS allowed us to determine the sputtered pefyspecies and to observe the change of
particular mass molecules as a function of time temperature, depending on the
experimental conditions. Spectra were recorded pratessed using the Quadstar 421

software (Blazers).



Chapter 4 49

4.5 Quartz crystal microbalance

A quartz crystal microbalance (QCM) consists othen quartz crystal sandwiched
between two metal electrodes through which anradterg electric field is applied across the
crystal, causing vibrational motion of the crystalits resonant frequency. For many years,
QCMs were used as gas-phase mass detectors. Redleaitl application has been extended
to liquids and viscoelastic deposits leading toliappons in electrochemistry and micro-
rheology [Buttry 92]. The QCM in our experimentssassed to monitor the metal deposition
rate and metal film thickness, as well as to deieerthe polymer sputtering rate.

The basis working principle of the QCM is the cerse piezoelectric effect in which
application of a voltage across the crystal resulta corresponding mechanical strain. The
crystal symmetry dictates that strain induced irpiezoelectric material by an applied
potential of one polarity will be equal and oppesih direction to that resulting from the
opposite polarity. Application of an electric fiektross the crystal produces a shear strain
proportional to the applied potential. To summarae alternating potential across the crystal
causes vibrational motion in the quartz crystahvatnplitude parallel to the surface of the
crystal, [Buttry 92].

Sauerbey [Sauerbey 59] was the first to demonstin@t@xtremely sensitive nature of
the piezoelectric devices towards mass changeheatstrface of the QCM electrodes.
According to Sauerbey’s equation, the mass chaegeupit areaDm at the QCM electrode

surface causes a change in the oscillation frequehaef the crystal:
Df = 'CfDm (47)

whereC; is the sensitivity factor for the crystal usedugtion 4.7 relies on a linear sensitivity

factor that is the fundamental property of the Q@iystal. It is assumed that the incremental
change in mass from foreign film is treated as ¢jtotl was really increasing the thickness of
the underlying quartz. The deposited film is coasgd to be rigid and so thin that it does not
experience any shear forces during vibration. hiekhess is the parameter of interest in gas-

phase thin film deposition, and it can be calculdig:
d; =Dm/ r, (4.8)

whered; is the thickness of the deposited film ands the bulk density of deposited material.
However, vacuum and gas phase thin film depositfaigo fulfil any of these conditions,

and exhibit more complicated frequency-mass carogls.
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It was accepted, that when the mass of the depas#tes a change in frequency of less
that 2% of the frequency of the pristine crystalu&bey’s equation can be applied in the thin
film calculations [Denison 73, Behrndt 71]. As thilen thickness increases, the elasticity of
the deposit has to be considered. Lu and Lewis72,uLu 75] extended equation 4.7, which
is currently applied by most QCM softwares to chtairigid thin film thickness in gas phase
deposition:

d, = Nq/q tan! Z tan P, )
prZf f, (4.9)

whereNy is the frequency constant of a quartz crystglis the density of the quartz (2.684
g/cnt), f, andf, are frequencies of loaded and unloaded crystdpectively and is the Z-

factor of the film material which is calculatedfaiows:

Z= quq
\ 7:G (4.10)

whereG, andGs are the shear moduli of the quartz and the filntemia (usually bulk values

are taken for calculations), respectively. The samcy of the mass load and thickness
calculation mainly depends on how accurate thecitfaand material density is known. The
equation 4.9 can be applied for frequency change® W0 %. Crystal failures are observed

above this value.

4.6 Atomic force microscopy

The atomic force microscopy (AFM) was invented Biyning, Quate and Gerber
[Binning 86]. The advantage of AFM over scanningrtelling microscopy is that AFM is
able to image insulating surfaces. In atomic fargeroscopy commonly the repulsive force
between the tip and the sample is measured orais bf the cantilever deflection.

A typical AFM (AutoProbe, from Park Scientific knsments) consists of a
piezoelectric scanner, an optical head, and a bdseh supports the scanner with the head
and includes a circuit for measuring the deflecBanal, Figure 4.7. It operates by scanning
across the surface with a sharp tip mounted orftaantilever spring. Features on the sample
surface cause the cantilever to be deflected asdhwle moves under the tip. An optical
system is used to sense the position of the tativel to the sample. The laser beam of a laser
diode is focused onto the back of the cantilevée beam is reflected off the cantilever onto
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a split photodiode. The differential signal frometispit photodiode provides a sensitive
measure for the cantilever deflection. The feedlsagkal is used to control the height of the
piezoelectric crystal as the sample is scanned h&ight of the piezoelectric crystal is related

directly to the topography of the sample surface.

Control electronics
and computer

I p—

Laser diode

Cantilever holder

Cantilewvar

lexible cantilever

Tip

HYZ piezoelectrical scanner

Figure 4.7 A schematic representation of the main componeintise AFM. The instrument
incorporates an electronic unit and a computer istatequipped with image and command

monitor.

The contact-mode AFM was initially introduced faglmresolution surface profiling.
In contact-mode AFM, the atomic-scale image cohtoagjinates from the variation of the
repulsive force between tip-sample and therefordains local information due to the short-
range character of the force. The repulsive forgpesenced by the tip is measured by
recording the cantilever deflection. The later asitcolled by the cantilever spring constént
and the magnitude of the force. The vertical disptaent of the cantilever is proportional to
the differential signal from the vertical segmewnfsthe photodetector. The lateral force
applied in the contact mode on the tip causes mgkir torsion of the cantilever depending
upon whether the fast-scanning is along or perpetati to the cantilever beam. The
cantilever twisting gives rise to the different&gnal from the horizontal segments of the
photodetector. The special variation of these s$gjiseconverted into an image.

With the progress in microscopy, it was realizeat for many materials the tip-sample

force has to be minimized to achieve high resofuilmages. In new modes (non-contact,
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tapping and force modulation) either the cantileigevibrating with its resonance frequency
or the vertical sample position is modulated. Tipesample force interaction causes a change
in the amplitude, the phase, and the resonanceidney of the vibrating cantilever. The
special variations of the changes can be presanteeight or interaction images. In general,
the surface topography is better represented lghhenages, whereas the nanostructures and
the fine morphological features are better distisiged in amplitude or phase images
[Magonov 96].

4.7 Profilometer

Surfaces are generally not flat but exhibit srsalite peaks and valleys. In addition, to
AFM surface roughness can also be measured byfitopreter. This technique is suitable for
measuring macroscopic surface structures, wher&as Was a very high special resolution
and is more suitable for determining microstructu® profilometer is a mechanical sensing
system. When in use, a sharp stylus rests sligintlihe surface, carefully crossing it. The up
and down movements of the stylus are magnifiedracdrded, creating surface profiles.

The Dektak 8000 profilometer (Veeco) was used ipdst measure the amount of

removed material and the film thickness.

4.8 Contact angle measurement

In the Section 2.2.2, it was mentioned that surfatmms and molecules are in a
different environment compared with their bulk ctrparts. In the bulk, a molecule is
attracted equally in all directions by its neighbing molecules, while the surface molecules
are subjected to intermolecular attraction from s only. At the equilibrium state, the
lower density in the surface layer increased therimolecular distance, putting it in a state of
tension.

The simplest and most common way to measure thHacgutension is to use contact
angle measurements. The two types of the contab¢ amne static and dynamic contact angle.
Static contact angles are measured when the syistestationary, while dynamic contact
angles are determined when the system is movinguirexperiments, we used static contact
angle measurements, using the contact angle sy§i€A from Dataphysics with pre-
installed software.

When a drop of liquid is placed on a solid surfand the surface tension of the liquid
is larger than the surface tension of the solidiilitcause a definite angle of contact between

the liquid and the solid phases. In such cases;dhtact angley (Figure 4.8) will have values
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greater than 90 degrees, and the surface is sdd toon-wetting. When the same liquid is
placed on a surface with increasing tension, thtamd angle decreases as the surface tension
of the solid increases (Figure 4.8, going from tighleft). If g = 0°, total wetting occurs.
When a drop of a liquid is put onto a solid surfabeee interfacial tensions exist: liquid-solid
&, liquid-vapourgy, and solid-vapoug,, Figure 4.8. The contact anglg is defined by the

force balance at the three-phase boundary and ifinede by the Young’s

equationdsv = &+ § COS (

Good wetting (6 < 90) Poor wetting (6 > 90)

vapour

liquid

7

Figure 4.8 Small and large contact angles representing good poor surface wetting. On

the right side interfacial tension componegisag,, @& (as described in the text) are shown.

Contact angle measurements are affected by a nuaildactors, including surface
preparation, contamination, environment, tempeeatand drop size. Inhomogeneous solid
surfaces created by roughness, or contaminatiotheosample preparation method can give
different contact angle values for the same mdterlae effect of the environment on contact
angle is usually caused by the adsorption of vammio a polymer surface reducing the
tension of the polymer surface, and again givirfiedént results in different environmental
conditions. It is also important to pay attentiontie experimental temperature and the drop
size. The increase in the values of these two paterwill result in a decrease in the contact
angle, [Chan 94].

4.9 90° peel test
Methods for measuring the adhesion propertienglyodepend on the nature of the
system under examination. The adhesion propertasbe measured by an adhesion cross

test, pull, shear, scotch tape, and peel testhdradhesion strength measurements, 90° peel
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tests (quickTest QTS 3 from Prufpartner GmbH) wased, which’s schematic diagram is
presented in Figure 4.10. The peel test involvexching a grip to the coating and peeling the
coating off the substrate.

The test machine contains table, which can be moneall tree directions, force
measuring cell, and computer where peel strendtlesgin N) and peel curves are recorded.
Force measuring cell is connected to the tableutiiraa steel cable. Polymer substrate with
deposited metal film is fixed on the table with cpé plates, so that the substrate does not
move during the experiment, and only the adhesiotefbetween the metal film and polymer
surface is measured. When the metal film is peajedt constant rate, table moves to the
right at the same rate because of the connectibig.che angle between the metal film and

the measuring cell remains constant, 90°.

Force
measuring cell

e

~a

Metal film
on polymer

=8

Figure 4.10 A schematic diagram of the
_‘/j) 90° peel test.

Tab]e

The peel test technique measures the experimentatactical adhesion strength in
terms of force per unit length. It is importantrtote that the practical adhesion is a function
of the basic adhesion (or intermolecular interaqtiand other factors such as stress in the
films, the preparation conditions or the measurdntechnique itself [Mittal 76]. Kinloch
[Kinloch 94] gave a detailed overview of the depemce of adhesive fracture on the
geometry of the adhesive layer and the measureomrditions. Here, some points will be
briefly mentioned. It was shown that the peel sitenP) depends on the thickness of the
adhesive layer. The value Bfand the fracture energ@, increase and reach a plateau for

relatively thick adhesive layers in the case oxkitie peel joints (i.e. polymer on polymer)
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[Gent 77, Kinloch 94]. A similar fracture dependenaon the joint width was observed

[Kinloch 81]. The adhesive fracture energy pas$edugh a maximum value with increasing
adhesive layer thickness when joints consistedes| $oonded to the sample with a rubber-
toughened epoxy [Kinloch 94]. The maximum value weeched for thinner layers if the peel
rate was high. This shows that the practical sttenglues also depend strongly on the
displacement rate, as well as on the test temperaueparation of the adherent film, in our
case a metal layer, may also influence the measadbgsion strength, as well as other
mechanical properties, because of different griaiess columnar structures and film densities
[Ohring 92].

Taking this into account, the changes in the baditesion, caused by changing the
properties of the polymer—metal interface, may lmoteflected in the measured adhesion, if
the external factors are not kept the same. Thexefthe adhesive layer (metal film)
preparation and the peel test conditions shouldkdy® constant, in order to be able to
compare the obtained results.
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Chapter 5

Experimental

The goal of this research is to determine polysprtter rates, to alter physical and
chemical properties of polymer surfaces, and torawp the metal/polymer interface
formation. In order to understand the mechanisna ticcur during ion irradiation of
polymers, or how induced changes influence the sidhédetween metal and polymer, a large
number of experiments was required. Before desgil@ach particular experiment, details
about the different polymers and the polymer thiim foreparation (organic film deposition,
polymer surface metallization) will be given. Latgrarameters of ion-beams, as well as
sputter rate measurements obtained using threereliff methods will be described.
Experiments based on X-ray photoelectron spectpysltoe chemical analysis, determination
of the surface glass transition temperature anélnaefsorption probability are explained. The
details of the sample preparation and the expetamherocedures for the 90° peel test
performed to measure the adhesion force of metahodified polymer surfaces are given.
Finally, contact angle and surface roughness meamnts are presented at the end of this
chapter.

5.1 Preparation of polymer thin films

Thermoplastic polymers containing aromatic ringgygen, nitrogen, and fluorine
functional groups were used for this research. gdlgmer thin films were prepared by spin
coating, solution casting, vapour deposition, ormR&gnetron sputtering. Fluorine containing
polymer films were obtained by vapour depositioat tihvolves thermal decomposition of the
polymer granulate and repolymerization on the sabs{Biswas 03]. Resputterred PTFE thin
films were prepared by RF magnetron sputteringdBieman 00, Schirmann 05]. Evaporated
and resputtered polymer films were prepared by moNeagues, or obtained from other
sources. Therefore, no details will be given iis thork and the reader is referred to the above
mentioned literature. The polymers mainly usedhia experiments described below were
prepared by the spin coating technique, the detdilghich are given in the Section 5.1.2. It
should be noted, that polymer sheets or polymds foith thicknesses of 1 mm and 0.25 mm

respectively were used for the peel test experimergtead of thin ~ 10 — 200 nm films.
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Before describing the film preparation steps, detabout the polymers used in the research

are given.

5.1.1 Polymers

In this work, simple hydrocarbon polymers or polymeontaining aromatic rings,
oxygen, nitrogen or fluoro groups were investigaf&able 5.1 summarizes the polymers used

in the experiments together with the source therewerchased from and the form of use.

Table 5.1 Polymers used in this work. For some polymers tteéecular weight M and

molecular weight distribution MM, are given.

Polymer Chemical formula Source Form of
use
Polystyrene =eH. = CH<J§ Polymer Spin coated
(PS) | Source film
My = 220.9 kg/mol @ GoodFellow Sheets
Mw/M, =1.03
CH,
Poly-a-methylstyrene 4 cH _(|: 3 Aldrich Spin coated
z film
(PaMS) |
My = 9 kg/mol @
Polymethyl- CH, Polymer Spin coated
methacrylate Tt <|: 1 Source film
(PMMA) |
C=0
M= 161.5 kg/mol | GoodFellow  Sheets
Mu/My =1.06 |
CH,
Polymethylacrylate . Polymer Spin coated
e Source film
(PMA) |
C=0
My = 150 kg/mol |
Muw/M,, =1.13 :
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Table 5.1Continued.

Polymer Chemical formula Source Form of
use
Polyacrylonitrile Scientific Spin coated
(PAN) +cr—on—; Polymer film
| o Products
My = 150 kg/mol =N
Polymethylacrylo- CH, Scientific Spin coated
nitrile | Polymer film
(PMAN) L iep,=— (|3 Jrn Products
My = 20 kg/mol C =n
Bisphenol-A- - Bayer Spin coated
polycarbonate | film
(BPA-PC) Jr@_ﬁ_ oo
CH, GoodFellow Sheets
Polypropylene | cr,—cn 1 gelrtloli"[tt Foils
altzgitter
(PP) | J
CH,
Polyisobutylene CH, Scientific Spin coated
(PIB) | Polymer film
+o—c— Products
M,, = 400 kg/mol |
CHj
Polytetrafluoro- [ cF cF. ] Vapour
ethylene (PTFE) L 2 271 GoodFellow deposited
film
F Fl [ F F]
| |
Teflon AF 1600 T—“? —?—T—‘ Vapour
e i 5 & DuPont d_eposned
L film
C
i
[CFs  CFa|py
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5.1.2 Spin coating

The polymers prepared by spin coating were redeimeform of powder, pellets,
sheets or foils. Thin films were obtained usingpmesoater P-6708D from Specially Coating
Systems (USA). The principles of spin coating aleoWing: a drop of a solution is deposited
on the centre of a substrate spinning at high sp&#0D0 - 4000 rpm).

Solution preparation

To spin polymers on some substrate, polymer powderellets had to be solved in
particular solvents: water free toluene (99.8 %grish) for PS, AMS, PMMA, PMA, PIB;
dichlormethane (99.9 %, Aldrich) was used to desdPA-PC; N,N-Dimethylformamide
(99.9+ %, Aldrich) - PMAN, PAN. These solvents weaected because they desolve the
particular polymers, and did not evaporate too flasing the spin coating leading to smooth
films as desired for further experiments. Acetomamother solvent suitable to desolve most
polymers. Nevertheless, during the spin coatingcgss, it evaporates too fast causing the
formation of polymer films with rather rough surésc

Polymer solutions with different concentrations eveprepared. This resulted in
different film thicknesses, measured with the poofieter (Section 4.7), which varied from
10 to 200 nm (Figure 5.1), although there is alsmes dependence of the film thickness on
the rotation speed, which will be discussed lateshould be pointed out, that for different

solutions different concentrations are requiredriter to obtain a similar film thickness.

240 S B B L B
] HiH
210 - -
180 - 4
] A -il
'E‘ T - T
E 150 l—!— 24 .
2 B
g 120 4 T -
% i .
£ o : ] Figure 5.1 The dependence
E . .
. of the polymer film thickness
1 HH A = PS | ] on the solution concentration
30 v PuMS | A
1 & o L& PMMA| (given in g/l). The films were
0 fzf Eli ‘I|2 ‘IIB ZIO 214 218 312 316 40 prepared at a constant

Solution concentration [g/l]

rotational speed (1000 rpm).
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Spin coating process

As it was mentioned in the beginning of this cleapt drop of solution should be
deposited on the substrate which should be spiratiggh a speed in order to obtain uniform
films. Mainly there are four stages in the spintocwpprocess:

Stage onedeposition of the coating fluid onto the wafer aubstrate The solution
can be deposited using a nozzle or it can be sprdgeour case, the polymer solution was
poured onto the sample through a syringe with arsidoon sized Teflon filter (Eydam) on
top of the injector. The filter was used to elimmaarticles that were not desolved by the
solvent. Si wafers with a native oxide layer, gmastystals (Caburn), or gold covered Si
wafers were taken as substrates. Pure Si waferguantiz crystals were cleaned with acetone
before deposition of the polymer films. PS thimfdl were also prepared on Cu TEM grids for
TEM measurements. This preparation with be expthinall details later in this chapter.

Solutions can be deposited in two ways. In theaked static dispense process, the
fluid is poured on a stationary substrate, and @ftgrwards the stage is starting to rotate.
This deposition technique was used if the solutiad a high viscosity (solution concentration
> 20 g/l) or if the substrate had a rectangulapshdhe substrate was completely covered
with the solution in order to ensure full coveragehe substrate surface during high speed
spinning.

In the dynamic dispense process, the solution @osieed while the substrate is
turning at low speed in order to spread the fldbas the substrate decreasing the amount of
resin material wasted since it is usually not neagsto deposit as much material to wet the
entire surface. The dynamic dispense depositidmigaoe was used to cover substrates with
polymer films using solutions with low concentratso(up to 20 g/l). The fluid was deposited
on the rotating wafers at speeds ranging from ©@DO rpm.

Stage two:the substrate is accelerated up to its final ratatspeedIn this stage, the
fluid is expelled from the wafer surface by theatain motion. Because of the initial depth of
the fluid on the wafer surface, spiral vortices stertly present. Rings will form as a result of
a twisting motion caused by the inertia that the @b the fluid layer exerts while the wafer
below rotates faster and faster. After some tirhe, fluid is thin enough to rotate together
with the substrate and any differences in thickreeesgone. The final speed of 1000 rpm,
used for the thin film deposition, was reachedraftes.

Stage threethe substrate is spinning at a constant speedderato achieve the final
film thickness.This stage is characterized by gradual fluid thignFluid thinning is quite

uniform, though with solutions containing volatdelvents, it is possible to see interference
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colours. The combination of spinning speed andrspgtime will define the final film
thickness. In general, higher spinning speeds @mgelr spinning times create thinner films.

As this work does not concentrate on the detaiedstigation of thin film preparation
by spin coating, polymer films with different thioksses were prepared at a constant rotation
speed (1000 rpm) and time (200 s), changing justctimcentration of the solution, (Figure
5.1).

Stage four:the substrate is spinning at a constant rate ineortbr the solvent to
evaporate As stage three advances, the fluid thicknesshe=aa point where the viscosity
effects yield rather minor net fluid flow. At thpint, the evaporation of any volatile solvent
species will become the dominant process occuirnngpe coating. In fact, at this point the
coating effectively “gels”, because as these sdb/eare removed, the viscosity of the
remaining solution will likely rise effectively fezing the coating [Meyerhofer 78].

Stages three and four occur simultaneously and isodifficult to exactly define the
border between two stages. However, at the engmedevel the viscous flow effects

dominate early, while the evaporation process dateslater.

PS film preparation for TEM

It is required to have thin specimens for the THM order to allow electron
transmission. In order to investigate polymer filthay need to be placed on supporting grids.
Cu grids with a diameter of 3 mm were used in tidse. PS thin films on Cu grids were
prepared as described by Erichsen [Erichsen O4ehden 04b]. PS films of 40 — 50 nm in
thickness were deposited by spin coating on cleaass substrates. After the films were
dried, they were divided into small squares (93nusing a scalpel. Then small pieces of PS
were rinsed with distilled water. The PS films dut desolve in the distilled water, but float
on the water surface. This made it easy to liftfilne on the grid from below.

The prepared films were annealed in a vacuum aventemperaturé = Ty + 30°C
for 3 hours in order to remove the rest of the sotuand the water. High resolution XPS
spectra (see Section 5.4.1) were taken in ordeotdirm the chemical composition of the
polymer. The spectra were compared with the spegivan in the polymer handbook

[Beamson 92].

5.2 Polymer metallization

Polymer metallization was done by physical vapoepasition (PVD), a term that

includes both metal evaporation from the vapouisprand sputtering (in our case, magnetron
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sputtering (MS)). Gold (Good Fellow) and copperdidh) wires of the 99.99 % purity were
used for the metal layer deposition by evaporatiéor. magnetron sputter deposition Cu
sputter targets having 99.9 % purity (workshophef Technical Faculty) were used.

In this Section, the above mentioned deposition houd will be discussed.
Metallization parameters for special experimerks tondensation coefficient measurements,
surface glass transition temperature determinadioh peel tests will be given in following

sections where these experiments will be described.

5.2.1 Vacuum evaporation

Vacuum evaporation is a PVD process in which ttoena or molecules evaporated
from a thermal vaporization source reach the satestwithout collisions with residual gas
molecules in the deposition chamber [Mattox 98] s type of evaporation process requires
a relatively good vacuum, the deposition took placean ultrahigh vacuum chamber where
the pressure was maintained at’ +010° mbar, while it usually increased to iéhbar during
evaporation.

Thermal evaporation requires that the surface genkrally a large volume of the
materials must be heated to a temperature whergdapeur pressure exceeds the chamber
pressure. The saturation or equilibrium vapour sares of a material is defined as the vapour
pressure of the material in equilibrium with théicdor liquid surface in a closed container.
The vapour pressure is measured using a Knudskewtdeh consists of a closed volume with
a small orifice of known conductance. When the amrr is held at a constant temperature,
the material that escapes through the hole depamtise pressure differential.

Resistively heated evaporation sources were usedost of the experiments where
moderate metal deposition was required. The soomgst contain a molten liquid without
extensive reaction, and the molten liquid must evented from falling off from the heated
surface. This was accomplished by using cylindrazgds made out of the high melting point
materials molybdenum, aluminium oxide or boronidér The crucible with the metal was
heated by external tungsten wire heating elemeotsa to fit around the container, Figure
5.2. Additional aperture systems allowed to evaggoraetal only onto the desired surfaces
while avoiding metallization of the manipulator ahe other vacuum devices in the chamber.
In order to obtain an optimum treatment and evapmrgosition, the manipulator could be
moved and rotated in all directions. It also camaglectrical contacts and thermo elements

allowing it to heat the sample and to monitor thengle temperature. The Omicron full lab
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vacuum chamber system allowed the transfer of tiepgred samples into the analytical
chamber for further investigations without expodimgm to air.

In order to heat the evaporation source, the eaémowas connected to an AC power
supply. The current, passing through the coppenectors and the crucible, was increased
slowly to prevent evaporator from damage due tontlaé shock. The values for the heating
current differed for each material as each metatsto evaporate at different temperatures.
Au, Cu, Al evaporate from melts, while Cr has aaappressure that is below its melting
point and therefore sublimates, but all metals useaporate as single atoms [Ohring 92,
Mattox 98].

ISE 10 ion gun

QcmMm
manipulator heating system

movable manipulator

Ar, 05, N,
sample holder

temperature measurement

sample feedthrough

//,,/

apenture system

[y

evaporator heating system

metal
crucible

Figure 5.2 Schematic diagram of the sample preparation fandemsation coefficient and

surface glass transition measurements.

Metal evaporation was used for the condensatiorfficemt and surface glass
transition temperature measurements, as only smadunts (~ 0.25 — 10 A) of metal had to

be deposited. A schematic diagram of the sampleapation for these experiments is given in
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the Figure 5.2. Evaporation was also used to degasi films with a thickness of ~ 10 - 20
nm onto the polymer surfaces before thick (sevema) metal layers for the peel test were

deposited.

5.2.2 Magnetron Sputtering

For the peel test experiments, large surface aradsto be covered with metal, the
films had to be 5 — &m in thickness, and because of the large numbezqfired samples,
the deposition time had to be as short as posdtue.these reasons, metal deposition by
magnetron sputtering was used which is another PxMiDess where the bombarding particle
creates a collision cascade in the surface-ne@owray the target and some of the momentum
is transferred to surface atoms which can be ajezseatoms or clusters if they have enough
kinetic energy to overcome the surface bindingderc

The purpose of using a magnetic field in a spuntesystem is to make more efficient
use of the ionizing electrons causing them to pcedmore ions. When a magnetic field of
strengthB is superimposed on the electric fieldbetween the target and the substrate,
electrons within the dual field environment expece the Lorentz force in addition to the
force of the electric field:

F:m—dV:-q( +v" B) (5.1)

dt

whereq, m andv are the electron charge, mass and velocity, réspgc If B and are
parallel to each other, and an electron is emiti@anal to the target surface but parallel to
both fields, then the expression” B vanishes. Electrons are then only influenced key th
electrical field. In the case, whenis neglected, and an electron is emitted fromctitbode
with a velocityv at angleg with respect td, then the electron experiences a faqeBsing
in the direction perpendicular 8. The electron starts a circular motion with radiusy a
balance of the centrifugal and Lorenz forces inedlv = mv/gB sing, [Chapman 80, Ohring
92]. The general motion will be helical.

In magnetrons, electrons are trapped near thettaegbancing the ionizing effect
there. This is achieved by employing magnetic dadtec fields perpendicular to each other,
as shown schematically in Figure 5.3 (a). Electrares normally emitted with a velocity
from a surface into a region with a magnetic fiBlavhich is parallel to the target surface, and
a strong electrical field perpendicular to the surface and therefore todihection of B.

These electrons will be rapidly accelerated, ifijtimway from the target by the strong
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electrical field normal to the surface, which deses linearly with increasing distance to the
surface. Executing a helical motion, electrons ethe region of the parallel magnetic field,
where they are deflected into an orbit back towdh#starget. The parametric equations of

motion are [Chapman 80, Ohring 92]:

_q
y=——(1- coswt)
mug (5.2 a)
w=_ L4 sinmt
B A (5.2 b)

wherey andx are the distances above and along the targetpasdgB/m These equations
describe a cycloidal motion that the electrons etesevithin the cathode dark space where
both fields are present. By suitable orientatiorthed target magnets, a ‘race track’ can be
defined where electrons move around at high spebalget erosion by sputtering occurs
within this track because the ionization of the kiog gas is most intense around it, as shown
in the Figure 5.3 (b).

ELECTRIC MAGNETIC
y FIELD, g St

HOPPING LINES
/ \\/ Q‘_)s\_\f/
r ,

i

-

a)

CATHODE

Figure 5.3a) Motion of an electron ejected from a surfacenwiglocity v into a region of a
magnetic field B parallel to the surface (i.e. pemgdicular to the plane of paper), and with the
electrical field linearly decreasingaway from the surface. (b) A schematic diagram of a

planar magnetron sputtering configuration with ajglfields and electron motion.

The geometry of a planar magnetron can be rectangag shown in the Figure 5.3, or

of circular configuration as it was used in the emmental setup. Despite the large
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advantages of the magnetron sputter source, thestllione big disadvantage of the planar
magnetron. Because of the localized erosion ofdiget, the deposition rate varies with time
and the target is not sputtered uniformly makinggeitessary to replace it regularly.

A planar magnetron ION’X-2"UHV 9102 (Thin Film @sulting) was used to deposit
thick Cu films on thin Cu or Au layers which wereepiously evaporated onto the modified
polymer surfaces. Metallization was done in a vacahamber which was initially evacuated
to 10’ mbar. For sputtering, an Advanced Energy MDX 56@gr supply was coupled to the
magnetron sputter source. Metal targets with a eianmof two inches were mounted onto the
cooled holder. Depending on the experiment andnél target, deposition rates were varied
in the range from 10 nm/min to 25 nm/min by chaggime DC power from 50 to 140 W. The
sputter rate was monitored with a quartz crystarafialance. The thickness of the metal film

was measured with the profilometer.

5.3 lon-beam irradiation

lon beams were used to determine the sputter oaf@slymers and to modify polymer
surfaces with low ion fluences using different gas&d ion energies. The irradiation was
performed prior to any experiment that were caroat in a preparation chamber (Omicron
Full Lab) or in a home made vacuum chamber for huposition. The working principles
and instrumentation of the sputter guns used inetkgeriments are given in Section 4.1.
Before describing the experiments, important ioanbg@arameters like ion chemistry, current,
energy, incident angle, as well as sample chargjogild be explained.

5.3.1 lon chemistry

In the experiments, mainly three types of gasesewsesed: argon, nitrogen and
oxygen. Quadrupole mass spectrometry (Sectionwlaé) used to determine with what kind
of ions the polymer surface was bombarded. Thegpatipn chamber was filled with the gas
under investigation (the pressure in the gas-filkdmber was 3 10° — 6 10° mbar), the
ion guns were turned on using the power supplied,the QMS was programmed to record
cycles of mass spectra (schematic diagram of thgum, the QMS and the sample position in
the chamber is given in Figure 5.9). Later, thecgpewere compared with the mass spectra
taken in the clean chamber. In the case of argoly, A" ions were produced but different
spectra were obtained for nitrogen and oxygen. miass spectra showed peaks at relative
masses of 14 and 28 for,Nand 16 and 32 for OThese correspond to'Nind N* ions for
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nitrogen gas, and ‘Cand Q" for oxygen gas. Calculated fractions (Table 5f2Zhese masses
showed that for these gases Mnd Q" are the main ions interacting with the surfaces.

Table 5.2 The fraction of ions (in %) for different gaseseTvalues in brackets are the

mass/charge ratio recorded in the mass spectra.

Gas Ar N O,

lon Art (40m/e) N (14 mle) N’ (28 mle) O (16 m/e) Q' (32 mle)

% 100 61 94+ 1 8+1 92+ 1

5.3.2 lon energies and incident angles

In Section 4.1.1, it was mentioned that for tha gun ISE 10, ions are mainly
produced in the filament plane and are subsequenthacted from the source volume and
accelerated to a pre-selected kinetic energy. e fon energy was selected to be in the
region of 0.5 to 5 keV. In the case of the lonEtacrowave sputter gun (Section 4.1.2), the
final energy selected for the experiments was @rémge of 0.6 to 1 keV.

The incident energy was measured with the energlyzer, a schematic diagram is
shown in Figure 5.4(a). The analyzer consists dfasaday cup (discussed below) and
retarding grids. The positive retarding voltage applied to the grid, was increased from zero
to the value of the selected kinetic energy of itres, and the ion current, was recorded.
Only ions with energies higher than the valué/gfcontribute to the collector current, those
ions which have a lower kinetic energy will be sieg repelled. When the grid potential
approached the incident ion energy value, the ntuaeopped to zero. The derivativgdVr
shows the ion energy distribution. As an examplguie 5.4(b) shows the ion energy
distribution determined for the lonEtch gun for @e-gelected energy of 1 keV. Obtained
results show that the incident energy of the iarnk keV+ 0.1 keV.

In the experiments, the ion guns were fixed so ti@atons interacted with the surface
at fixed angles. In the preparation chamber (Figu2g, the angle between the surface normal
and the ion incident trajectory was 36°, in theahdeposition chamber the angle was 35°. A
number of sputtering rate measurements were dang tlee QCM method where ion guns
were positioned normal to the sample. When it wexgiired to perform experiments as a

function of the incident angle, samples were tiliedchieve the desired angle.
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Figure 5.4 a) Schematic diagram of the energy analyzer. b)daoergy distribution for the
lonEtch gun. Pre-selected energy was 1 keV.

5.3.3 lon current and ion fluence
The ion current is an important parameter for wheirgation of the ion fluence and the

beam distribution. The ion fluence is the numbeinoident ions per square centimetre and is
calculated as follows:

ion fluence:'i%e (5.3)

wherej is the ion current (in A)ts the sputtering time (in s)Ae is the aperture area (in &m
of the Faraday cup (diameter of the aperture isy#hy, ance is charge of an electron.

In order to measure the ion current, a Faradayveagp placed on one level with the
sample on the movable manipulator. A Faraday cugmiglectrode with which the electrical
current is measured while a charged particle beapinges on it. The schematic diagram of
the Faraday cup that was used in the current memsunts is illustrated in the Figure 5.5. The
cup consists of two isolated coaxial cylinders:raugded outer screening cylinder and an
inner collecting one (or collector). In betweenrthéhere is an additional negatively biased
secondary electron retarding aperture which miresithe electron loss. The cup absorbs all

charged particles that pass into the collector aigphificantly decreases the escape of
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secondary particles created due to interactionriofigry particles with the collector surface.
The collector has a feedthrough that is connecedRicoammeter 6485 (Keithley).

@ -100V

retarding aperture’"

Figure 5.5 Schematic diagram of a Faraday cup.

It was necessary that the ion beam was as widesslye in order to assure uniform
surface modification over a large area. As the d@yacup was placed on the movable
manipulator, it was possible to determine the optimtreatment position and ion beam
diameter. By changing the focus and the extractioltage, the beam diameter could be
varied. The maximum beam diameter allowing unif@unface modification was found by
measuring the ion current while moving the Faraclgyin the x-z plane. The ion current was
measured at a constant height (coordinate y washawtged), this means that the ion gun ISE
10 was 140 mm away from the sample and the samglgehwas moved irz and x
directions, and the current was measured, as showigure 5.6. The left graph shows the
ion current distribution for fixe¢ and z coordinates, as only the coordinate was varied.
Here, a value for was chosen where the ion current had a maximuoevad shown in the
right figure. Similar measurements were done feediy andx coordinates changing just the
position on the z-axis. The full width at half maxim (FWHM) varied between 7 and 8 mm
where ion current changed ~ 10 to 15 %. This waaignm to allow uniform treatment in an
area with a diameter of about 8 mm. The samplesiwivere to be modified were positioned
in the middle of the region of maximum ion current.

In a similar way, the ion current distribution thie lonEtch sputter gun was measured.

This ion gun is able to modify even larger areagoamly having a maximum radius of 20
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mm. This is important in the case of polymer swfawdification for peel test measurements

where the sample size was 230 mm.
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Figure 5.6 Normalized ion current (given in %) distributiohhe insert on the upper left shows the

manipulator axis. Left: the ion current measuredia¢d y and z coordinates, z was chosen at the

position of the maximum ion current as shown in tight (z = 44.5). Right: measurements

performed at fixed y and x coordinates, x = 13t)lef

5.3.4 Sample charging

When an insulator is bombarded with a positive belam the surface potential rises
due to the impact of the positively charged iond #me emission of secondary electrons
[Sabatini 93]. The result is a barrier electriddien the surface retarding the arriving ions. It
was found, that in thin polymer films the practibaéakdown field is in the order of 19/m
[Fischer 82, Dissado 92]. For thin polymer filmsl®f0 - 200 nm in thickness, the breakdown
voltage is in the order of several Volts (10 — 20 So ions with ion energies of several keV
will pass through the barrier without extensiveslo$ energy. In order to check the influence
of surface charging, an ion gun was used with amtiowt neutralizator. In both cases,
removed film thickness (determined with a profilaerg differed by 2 nm which is in the
range of experimental uncertainty.

A large charge is built up when polymer sheetdwithickness of 1 mm and foils of
0.25 mm are irradiated with low energy ions. Irstbase, the breakdown voltage is < ¥0
and an energy of 1 keV is not high enough for itmpass through the charge barrier. The

influence of charging on the ion modification ismEnstrated in Figure 5.7(a). A PS sheet
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was irradiated with Arions with an energy of 1 keV. XPS spectra of thdon C1s peak and
shake-up satellite (a characteristic feature ofde8,in Chapter 6) were recorded for different
fluences. Comparing them to the same ratio obtafoeda thin PS film (120 nm) (solid
squares), it is obvious, that changes are indueeg stowly and only at above an ion fluence

of 10** cmi®.
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Figure 5.7. a) Normalized ratio of Shake-up/C1s for PS tiimd and sheets vs the fluence of
1 keV Af ions. b) Schematic diagram of a sample holder witholymer sheet (1 mm in
thickness) covered with Al foil. The foils are iontact with the sample holder, which is

grounded through the thermo contacts

To eliminate this problem, it is necessary to prepgamples in such a way that the
built-up charge can flow away from the surfaceyieg an uncharged irradiation area for
incoming ions. For this reason a PS sheet wasypeotlered with an Al foil, which was in
contact with the grounded sample holder, Figur€b.7XPS analysis was repeated for this
sample, and recorded changes were in good agreewiémtthe results for the thin
polystyrene film, which is very important for ourvestigations, Figure 5.7(a) open circles.
Because of the space charge formation on thicknpetysamples, ion modification of sheets

or foils was done when such samples were parthemmal with a metal mask that was in



72 Chapter 5

contact with the grounded sample holder. Thisge ahportant for the sample preparation for
the peel test (Section 5.8), as only thick polysterets were used for this experiment.

5.4 Polymer sputtering rate measurements

The sputtering rate measurements are one parhefrésearch. It was already
mentioned that the common definition of the spuitesld for elemental targets (atoms
sputtered per incident ion, Section 3.2.1) canretapplied to the sputtering of polymers,
except for the case that the identity of all spetieparticles and their distributions are known.
For this reason the sputter r&®R of the polymers was calculate8Rcan be defined as the
ratio of the amount of material removed to sputiere, t;, normalized to the ion current
density,j’,:

sr=d1 (5.4)

t. ]
whered is the amount of removed material in rjms j/A- wherej is the ion current measured
with the Faraday cup arnfk is the aperture area of the Faraday cup. In thewimg sections,
the sputter rate will be given in nm/min for definen currents. The sputtering or sputter rate
is also called the removal rate, and ablation isateterm used in the cases where temperature

is involved. The three methods described below wieesl to measure the rate.

5.4.1 Sputter rate determination by step measuremés using a stylus profilometer

The most simple sputter rate determination metedd measure the step between the
bombarded and unsputtered parts, which are obtaunet a part of a sample surface under
investigation is covered with some thin metal wae foil. To shorten the name of this
method, the term “step method” will appear in tet t

For this type of experiments, a special sample éroldhs manufactured as shown in
the Figure 5.8(a). The sample holder consists baekground plate with thermal contacts
allowing to record the temperature during tempeeatlependant experiments. The special
mask contains a Ta wire fixed onto the surface withrews. The height of the mask was
slightly higher than that of the Si substrate, &t the wires did not touch the sample surface.
In such a way, the surface was protected from patetamage. This particular system was
used for the rate calculations using the ISE 10gon with the incident angle of 36° and an
ion energy in the range of 1 to 5 keV. In ordemimimize shadowing effects, the sample was

positioned in the middle of the beam area. Wherymels were bombarded at different
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angles of incidence with the ISE 10 and lonEtchttgpuguns, it was impossible to use this
sample holder because of the manipulator geomstrigh was different from the one used in
the preparation chamber. In such cases, 2 to éwatrips of Al foil were used instead of the
Ta wire. Since the strips were in close contachvliie polymer surface, it was necessary to
fix and remove them with care trying to avoid sogacratching. Several unsputtered lines
remained on the polymer sample after ion bombardrtfeigure 5.8(b)). These later were
measured with the profilometer. The profile is shaw Figure 5.8(c). The profiling was done

for each strip every millimetre in order to haveaerage removal value which was used for

v/

the sputtering rate calculations.
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Figure 5.8a) Schematic diagram of a sample holder for sputite determination. A Ta wire
with a diameter of 0.25 mm is fixed with screwsoantemovable mask. b) An example for a
polymer film after sputtering through the mask. Tuvsputtered lines remain on the surface
after the sputter process. Sample dimensions arengin mm. c) Typical sputtering profile

measured with a profilometer.
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A typical sputtering time was about 3 to 60 minpeeding on the polymer, ion
current and gas) which corresponds to an ion fleesfcl” 10" cm? and higher. It was
important to use these high fluences, because téhprofilometer it was only possible to

measure height differences of at least 5 nm on #msample surfaces.

5.4.2 XPS method

X-ray photoelectron spectroscopy (XPS) is a tepimithat allows to determine the
thickness of very thin films and was applied to swea the change in thickness of thin
polymer films after ion beam bombardment [Zapotogitcko 03b].

In order to measure polymer sputter rates with XP8ttering was performed in a
preparation chamber (Omicron Full Lab) using th& IB) sputter ion gun. The polymer
samples were bombarded with argon ions with a kinetergy of 1 keV at an angle of
incidence of 36. The ion fluence was in the ranf2@ to 1d° cm. In this case, polymer
samples with of a size 1010 mm were fixed in the centre of the sample hodthewn in the
Figure 5.8a, without the mask being attached. Tdebwas defocused, and the diameter of
the area that was uniformly modified was8 mm. After sputtering, the samples were
transferred to an analytical chamber where the Xfe&@surements were performed using an
electron spectrometer (Omicron) equipped with a-mamochromated AKa source at 0°
take off angle. Thin polymer films (~ 10 - 12 nnmepared by spin coating were used in order
to detect the XPS signal of the Si substrate thnatg polymer film. The intensities of the C
1s, Si 2s and Si 2p peaks were recorded and uséarfioer calculations.

The thickness measurements are based on the eefmak intensities of the film and
substrate. If a sample consists out of a layecKtiessd) of material A, and a bulk material B
(where A and B are of uniform composition), theuaipn 4.3 (Section 4.2.1) for the thin

layer and bulk can be written as:

l,=1% 1-expl-d //,, cop) 5:58)

lg=lg exp(-d /4, cog ) (5.5 b)

wherel, andlg are measured intensitiels,” andlg* are the intensities of bulk A and B
samples under identical conditiorlg, » and/g A are the attenuation lengths of the electrons

of the measured core-electrons A and B travellimgugh material A. In special caség, a »
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/s.a, and so we can denote it &g Then from the Equations 5.5, the layer thickress be

calculated by:

¥ 0
d=/,cog In %+1=/ cgs Inlflsg (5.6).
IAIB ISiIf

where IZand 1 are the intensities of bulk Si and the polymemfilrespectively,| and
I, are the intensities of Si through the polymer fiémd of polymer film itself, and is

attenuation length of Si electrons in the polymien.fThe values of were taken as 3.72 nm
for PS and BMS, and 3.88 nm for PMMA [Tanuma 93]. Knowing thedue ford, the sputter

rate can be calculated using the Equation 5.4.

5.4.3 QCM method

The third method is based on the quartz crystarobelance (QCM) (Section 4.5)
[Zekonyte 05]. The advantage of this techniqueha it allows to do real time sputter rate
measurements and to study the kinetics of spugterin

Sputter rate measurements using the QCM were peefbin the home made ultra-
high vacuum chamber using the ISE 10 ion gun (Qwnicror the lonEtch sputter Gun
(Tectra). The bombardment with AmN," and Q" ions was done at beam energy of 0.5 to 3
keV for different ion fluences, and at normal anglehe quartz crystal. The pressure in the
chamber during sputtering was 510° mbar using the ISE 10 ion gun, and*I@bar using
the lonEtch sputter gun. The ion current densitypath cases wasnf\/cm?. The QCM
crystals covered with spin coated polymer filmsQ2@®00 nm) were mounted onto a special
sensing that was water-cooled. The oscillationudirased to drive the QCM was mounted
directly at the end of the feedthrough on the aphesc side. The STM-100/MF
thickness/rate monitor (Sycon Instruments) was usedletermine the thickness of the
removed film by the frequency change due to theiced mass. The crystals used were AT
cut gold coated sensing crystals with a diameter3oim having an oscillating frequency of
6 MHz (Caburn). The crystal area affected by thetreatment was 7.5 mm in diameter. A
defocused ion beam was used to uniformly sputter gblymer from the crystal. The
thickness/rate monitor was connected to a compubéch was used to measure the data (

totald,) every second.
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5.4.4 Sputter rate vs. temperature

Temperature dependent sputter rate measurememes veeformed using the step
method and quadrupole mass spectrometry (Sect#n®he holder shown in Figures 5.7(a)
and 5.8(a) contains thermocontacts which connetded thermoelements located in the
manipulator in order to measure the temperaturth@fsample holder when heated (Figure
5.9). The temperature difference between the sahmiter and the sample surface is up to
1.5 K for a heating rate of 1 K/min, as demonsttdig Erichsen [Erichsen 04a]. In order to
obtain good thermal contact between the samplesantple holder, Si free graphite (Plano)
was used as fixing glue. The ion bombardment waieed in the preparation chamber
with 1 keV Ar* ions for 10 — 20 min (ion fluence f&m?). The sputtering was performed at
a constant temperature reached by the slow heétifgmin). At the same time, the QMS
recorded mass spectra as a function of time. L#terspectra were analysed and particular
masses were plotted as a function of the ion flagsee Section 6.1.4). The sputter rate was
calculated after the thickness was determined ubkagrofilometer.

amMs
ISE 10 ion gun
sample movable manipulator
Ar, O,. N, \-\E _\ i
sample holder / X
temperature measurement

manipulator heating system feedthrough

Figure 5.9 Schematic diagram of the sputter rate measuremants function of the sample

temperature
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5.5 Investigations based on X-ray photoelectron spgoscopy
5.5.1 Polymer surface chemical analysis

In order to explain most of the results, it was artpnt to understand which chemical
changes take place on the polymer surface. Thenmylgamples were moved to analytical
chamber (Omicron Full Lab) where XPS analysis wasfogpmed after treatment with
different gases and different energies and iomftes. The samples were transferred through
the transfer chamber keeping them ion UHV and amgiéxposure to atmosphere (unless it
was necessary for the experiments).

XPS measurements were performed using an electpaetrometer (Omicron)
equipped with a non-monochromatedkfd ( 1486.6 e\ or MgKa (1253.6 eV source. The
pass energy was chosen to be 20 eV in order tendbigh resolution elemental spectra of the
Cls, Ols and N1s peaks. The atomic concentratiprdgsed as at.%) of each element was

calculated as follows:

Ca: ||/S
1.1S,

(5.7)
wherel is the intensity of each elemeftjs the relative sensitivity factor of an elemermie
relative sensitivity factor$s were taken from the handbook of XPS [Moulder 921s =
0.296, O1s = 0.711, N1s = 0.477.

A high magnification X-ray beam was used to asshes the recorded signal came
only from the polymer sample avoiding signals fréra manipulator or the sample holder. It
was also important to use the high magnificatioanbéecause it was important to record the
signal from the modified area only. High resolutigmectra were analysed and peak fitting
performed using the CASA XPS software.

As it was discussed before, the sampling depthR® Xs a function of the emission
angle of the photoelectrons. The technique basedhaation of the vertical sampling depth
with photoelectron take-off angle is referred to agle-resolved XPS (ARXPS). It is a
particularly important technique for polymer sudastudies because destructive depth
profiling (sputter depth profiling) causes rapidypoer degradation, changes in the polymer
chemical structure, etc. Unfortunately, the degiime which can be studied is limited to 10
nm [Briggs 98].

A schematic diagram of the surface sensitivity eckaent by variation of the
electron take-off anglg which is the angle between the electron emissigjedtory and the

surface normal is given in Figure 5.10. The majequirement for surface sensitivity
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enhancement is that the surface must be flat,easutface roughness leads to an averaging of
electron exit angles and also to shadowing effeat$ that the surface enhancement becomes
impossible [Briggs 90]. For the overlayer thicknesdculation Equations 5.5 — 5.6 can be
applied.

Figure 5.10 Schematic diagram of the

\m

d=34sina

"

surface sensitivity enhancement by variation

of the electron take-off angle which is the

angle between the electron emission
trajectory and the surface normal. X — X-ray

source, A — analyser.

The take-off angles were 0, 15, 30, 45, 60 andetFeks. This analysis revealed the
polymer modification depth and whether functionabups preferably formed on near the

surface or deeper in the polymer.

5.5.2 Surface glass transition measurements

It is assumed that the surface glass transitiorpégature differs from the one of the
bulk, but differential scanning calorimetry (DSGually applied to determine bulk cannot
be used for the surface measurements. A surfasttisermethod based on the embedding of
noble metal nanoclusters into polymers showed torteeof best techniques to determine the
surfaceTys [Zaporojtchenko 01, Erichsen 04a, Erichsen 04b].

Polymer films prepared by spin coating, were tergen UHV above the bulk glass
transition temperature, and prior to metal depasisamples of the size of 1111 mm were
treated in the preparation chamber with 1 keV iwith an ion fluence of 18— 10 cm® Au
deposited by thermal evaporation with metal defmsitate of 0.2 — 0.26 A /min at room
temperature forms clusters on the polymer surfagereominal Au thickness of 0.26 A. The
evaporation rate and nominal thickness were medsuitth a QCM which was in one line

with the evaporator. A schematic diagram of thegamreparation is given in Figure 5.2.



Experimental 79

The prepared samples were transferred into theytacedl chamber where they were
heated at 1 K/min rate and the XPS spectra of the dahd Au4f peaks were recorded. The
difference between the temperature of the samplgeh@nd the actual temperature on the
polymer surface was not larger than 1.5 K [Erich@4a]. The metal intensity was normalized
to the carbon intensity in order to eliminate tidependent changes in the intensity of the
XPS spectra. The ratio o{C1s)I(Au4f) vs. temperature was plotted. In the vicinafyTys
there is a change in slope of the curve which ccower several degrees. The valueTgf

was taken as the point at which the fitting lineteisect each other, Figure 5.11.

0.12

I(Au 4f) / I(C 1s) [a.u.]

0.08

: Tg. bulk

0.07 — 7T T T 1 T 1T T T T T T T T T 7
40 50 60 70 80 90 100 110 120 130

T[°C]

Figure 5.11 Typical embedding profile for untreated PS. Thenpat which fitted lines (in
dark grey) intersect each other is taken as thefas@r glass transition temperatureysT
(dashed line). The bulkyTor this PS is shown by the dotted line.

5.5.3 Condensation coefficient measurements

After evaporation, noble metal atoms adsorb onpiblgmer, remain and diffuse on
the polymer surface for a certain time, and thesode into the vacuum or are trapped
somewhere on or beneath the polymer surface. M#bahs remaining on or in the polymer

contribute to the condensation coeffici€hidefined as the ratio of the number of adsorbed
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metal atoms to the total number of metal atomwiagiat the surface. A detail description of
condensation coefficient measurements and meahlpolynteraction, as well as metal cluster
growth on inert organic surfaces is given in a nanmdf publications [Faupel 02, Behnke 00,
Zaporojtchenko 03a, Zaporojtchenko 02, Kanzow 04].

Metal was deposited by thermal evaporation witrepasition rate of 0.3 A/min and
nominal thickness of ~ 1nm, as discussed abovdi{faes.2.1), onto treated polymer surfaces
at room temperature. The metal evaporation ratetlsinkness were monitored with a QCM.
The nominal thickness is a measure of the totalusmnof metal evaporated, which is not
necessarily identical to the actual metal layerecimg the polymer. The real thickness had to
be determined experimentally as only the amountofaining metal on the organic surface
was taken into account for the condensation caefficcalculations. XPS is a surface
sensitive technique that allows to determine theacamount of metal deposited onto the
polymer. In the experiments, an X-ray gun (Omicraith a non-monochromatized Aa
source and high magnification beam was used.

For calculation of C, XPS peak intensities of me(@r Au: Au 4f and Au 4d peaks,
Cu: Cu 2p and Cu 3d peaks) were recorded on thstraids for whichC = 1. Deposited
metal on PS treated at an ion fluence of°Xn? completely condensates was taken as a
standard. Recorded metal intensities were takempsnt of reference linked to the nominal
thickness measured with a QCM. The cluster derdityvas calculated as the ratio of the

metal thicknessl,, on the polymers to the cluster volume:

= dm
° 4pr3/3

(5.8)

where,r. is the average cluster radius determined by thalmpeak intensity ratio of Cu3p/2p
[Zaporojtchenko 00a], or from TEM images.

5.6 Contact angle measurements

For the contact angle measurements (Sectionthé)}ontact angle system OCA from
Dataphysics with preinstalled software was usedrdp of water was placed onto the treated
polymer surface by a microsyringe. At equilibriuthe angle was measured by a camera
equipped with a goniometric eyepiece.

Polymer treatment was performed with the ISE I0gan using 1 keV Arions and a
defocused ion beam. After treatment, the samplek tbabe removed from the vacuum

chamber as the contact angle measurements wemarped in air. At least two samples were
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prepared for each ion fluence (510" — 10" cm®) under the same conditions to have as
many data as possible. The average contact angletakan as an angle for particular ion
fluence. The contact angles were calculated by the program using the Youngdap
function. The software allows to take photograpimages of the drop which will be shown in
the results part.

Contac angle measurements depend strongly onntheoemental conditions as was
briefly mentioned in the Section 4.8 (details areeg in Ref. [Chan 94]). The surface
preparation, environmental temperature, drop sizrewkept constant, and the whole

experiment was performed in one day in order taltde to compare results.

5.7 Surface roughness

The AutoProbe atomic force microscope (Section 4i@m Park Scientific
Instruments was used to measure the influenceeofaim beam on the surface roughness of
the polymer film. Polymer samples were irradiatéthvAr” ions with an energy of 1 keV in
the ion fluence range of 10- 10° cm®,

Region analysis, that includes all of the regionasugement options refer to the
induced areas within a mask, was used to calcth&teoughness. Two types of roughness,
average and root-mean-squared, are reported.

Theaverage roughnes®, . is given by the average deviation of the datirred to

as the average of the data within a specified regio

— § |Zn'2|

N (5.9)

Rave
where zis the meare height (given by the average height within thecdpe region of a
mask),N — number of data points in the included mask. Agerroughness refers to the
included areas within a mask.
Root-mean-squared roughnes$d.,s, is given by the standard deviation of the data,

which refers only to the included areas within sskna

(5.10)

The measurements are referred to as the mean lodéitife data within the mask.



82 Chapter 5

5.8 90° peel test

90° peel tests gave a possibility to measure thteesion force with which metal
adheres to a polymer. The schematic diagram otebtlenique and working principle were
presented in Section 4.9. Before explaining thesarpental procedure, details of the sample
preparation will be given.

In order to perform peel test measurements, itvegessary to use a metal film with a
thickness of at least Bm. Polymer metallization for these measurementspesformed in a
custom made vacuum chamber (Figure 5.12a), wher@rissure of the evacuated chamber
was maintained in the range of®0 10’ mbar. Samples were prepared in several steps.

Prior to metal deposition, the surfaces of polysleeets (PS, PMMA, BPA-PC), or
thin (200 nm) RMS film that were spin coated on BPA-PC sheets (BFRAwas selected
because of the good adhesion obtained between tivespolymers, and because toluene, a
special solvent for #MS, does not solve polycarbonate) were treated WikeV ions (Ar,
0., N,) in the fluence range of ¥b- 10 cm? using a microwave ion gun (Section 4.1.2). In
order to avoid sample charging, treatments were diorough the metal mask, as discussed in
Section 5.3.4. The mask and sample parametersglaassheir position on the sample holder
are shown in the Figure 5.12(b). After treatment2@30 nm thick metal film was
immediately evaporated. And finally, anéh Cu film was sputtered onto the sample.

The two step metallization process was necessauise sputtered atoms have a high
kinetic energy (2-30 eV) compared to evaporatednatahich have a kinetic energy of 0.1
eV [Ohring 92]. The energy of the sputtered atosnsigh enough to break polymer bonds or
to induce additional changes not desired in theeerents. Moreover, the adhesion strength
was measured between the polymers and differerdlspete. Au and Cu. As copper targets
were the produced by the mechanical workshop offdélcelty, it was the easiest way to
deposit the required Cu layer on top of the evapdrayold, aluminium or copper film.
Another reason is that after metallization by th@rmavaporation, the metal chamber was
opened and all vacuum devices like the ion gunpesstors and the second magnetron
containing different metal targets were coveredhwaiuminium foil to protect them from Cu
contamination. For this reason, the evaporated Infigta had to have formed a completely
closed layer to avoid polymer reaction with air. thVione exception: if reaction with
atmospheric oxygen was desired in the experimemisallization was done after the treated

polymer was subjected to the laboratory environment
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Figure 5.12a) Cross section of the custom home made vacuamldr for metal deposition.
QCM 1 is placed in a way so that it measures thgodition rate of the metal sputtered by the
magnetron, QCM 2 measure the evaporation rate @itletal evaporator. The angle between
the ion gun (or evaporator) and the sample holdemmal is 35°, between the magnetron and
the sample holder normal the angle is 40° . b) Bdi& diagram of the sample preparation.
Top left: a polymer sample with greased ends isgdaon the sample holder; a special mask
is placed on top and fixed with screws. Bottom th& polymer sample after metal deposition

(dark areas — metal deposited on grease). RighsknRimensions are in mm.
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The schematic diagram of the sample preparatighasvn in the Figure 5.12(b). Two
polymer samples (each 22 30 mm) were placed onto the round sample holdéth (&
diameter of 60 mm). Both sample ends (3 — 5 mm)kevevered with a thin layer of ultra
high vacuum grease (silicone and halogen free)rderoto provide a starting point for the
adhesion strength measurements. Finally, a sper@ak was fixed with screws. The mask
was necessary, because of the limitation of thé {@=¢ device which allows to peel off
stripes with a width of 6 mm. Each polymer sammatained two metal stripes as shown in
the figure.

The ion gun, evaporator and magnetron source weed fat some angles. For this
reason, the sample holder was connected to a mbich slowly rotated the holder together
with the fixed sample in order to obtain a unifameatment and metallization.

The main problem in the peel test is to obtaingdteting point. For this reason, the
both ends of the polymer samples were covered griglase which was later covered with
metal just as the rest of polymer sheets or féilgyres 5.12(a) and 5.13(a). Metal deposited
onto the greased part had very poor adhesion tpdlyener surface which allowed to fix this
end to the measuring device. A packing tape wasntatstrips 6mm in width and 8 mm in
length which were later bent resulting in a lengtld mm. One end of the tape was fixed to
the force measuring cell of the machine (Figurd® 4nd 5.13(a)), another end was fixed to
the metal film by scotch tape (Tesa®) which haddyadhesion to the metal and the tape
(Figure 5.13(a)). It was important to use tapesctviainder tension do not extend or elongate.
Peeling was done starting from both sample sidesthe metal strip was peeled up to the
middle of the sample, where it was cut, new taps Viseed from the other side, and the
peeling procedure continued. The peeling parameters: peeling length 2 mm, the rate - 5
mm/min. A computer was connected to the deviceainmtg the measuring software which
recorded the peel force vs. peeling distance, asvishin the Figure 5.13(b). Later, the
obtained data were analysed and the peel stremgtN/in) was calculated by dividing the
force (in N) by the metal film width (6 mm ="610° m). Before each peel test, the fixing
tape and metal strips were relaxed by lowering rifeasuring cell some one tenth of a
millimetre down. That is why there is some slopeath measuring curve until the adhesion
force plateau was reached.
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Figure 5.13a) Schematic diagram of the sample preparationtlier peel test. b) Typical peel
curves. Top: the curve recorded by the computer,ftnice P is given in N (P ~ 0.18 N).

Bottom: the same curve only with recalculated pé@ngth, which is equal to ~30 N/m.
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Chapter 6

Results

The obtained results can be divided into three rpants, namely, (i) dependence of
the polymer sputter rate on the ion beam paramatetolymer chemistry, (ii) alteration of
the chemical and physical properties of the polysunfaces under low energy ion beam

irradiation, and (iii) metal-polymer interface foation after ion irradiation of polymer

surfaces.

Polystyrene ; 72222
Poly-a-methylstyrene ; F Z 1IN
Polymethylmethacrylate —————1 AT
Polycarbonate ! f AL
Polyamide ! ZoI
Polypropylene ! L AT
Polytetrafluoroethylene iZ I
Polytetrafluoroethylene i o AT
in vacuum

|
Radiation dose 10° 10° 10° 10° 10° 10" 10° Gy

= nodamage
/7 noticable damage

(I  severe damage

Figure 6.1 Schematic diagram of thermoplastic polymer stgbilinderg irradiation,

according to [Menges 90, Woods 94].

When energetic ions hit the surface, surface atohasters or, in the case of polymers,
molecules of different sizes are ejected from #rgdt. In addition to the material sputtering,

structural rearrangements take place leading tongds in the chemical and physical
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properties of the polymer surface. The rate at lwithese changes are induced differ from
polymer to polymer. As an example, Figure 6.1 giseschematic diagram presenting the
radiation stability of some thermoplastics ungeay irradiation as a function of the radiation
dose.

Following this schematic diagram, different therdaggic polymers (containing
aromatic rings, oxygen, nitrogen and fluorine imithstructure, Tables 5.1 and 6.2) that
undergo fast or slow degradation under irradiati@ne selected for further investigation. PS,
which has a high stability and prefers to crosk;liRaMS and PMMA with a rather low
resistance to radiation and preferential degraddiyp main chain scission where selected as
model systems. Therefore, most experiments weferpged only with these three polymers.

Surface modification and sputtering occur simultarsty and cannot be treated
separately. To make things less complicated, tkaltse presented in this chapter will be
divided into three sections. The sputtering rafedifeerent polymers are given in Section 6.1.
The next section deals with ion induced changethénpolymer surface chemistry. Finally,

results obtained for metal-polymer interface formratare presented in Section 6.3.

6.1 Sputtering rate of polymer thin films

Sputtering of polymers is a rather complicated raem and their sputter rates differ
largely from the sputter rates of metals, alloyssemiconductors, which were extensively
investigated and are well understood. In contrastigid materials, where ejected particles
consist of atoms or clusters, and where the surthesnical structure is not dramatically
affected, sputtering of organic materials is accanigd by a complete loss of the pristine
structure and the emitted species changes withdtiration of the ion bombardment.
Therefore, it is necessary to investigate the spustte dependence on the ion fluence and the
ion type, the projectile energy and the inciderglenas well as on the sample temperature
and the polymer chemistry. The rate was determirsédg three measuring methods (XPS,
QCM and “Step”) described in Section 5.4.

Before presenting the first results, the terminglagsed in the text should be
introduced. The term “sputter rate” will be usedtle text instead of sputter yield, for the
reasons given in Section 5.4. The removal rate lvglused as a synonym for the sputter (or
sputtering) rate. The term of ablation rate is usdtie cases where the sample temperature is
involved in the experiments.

The differential rate (dSR that is defined as the ratio between the changéhe

thicknessDd obtained in a time intervélts and the time intervdbts, (Dd/Dts). The rates were
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obtained using different methods and sputtering ditmms, which complicates the
comparison of the data. Therefore, all rate resuéiree normalized to the ion current density,

]

dsr=20 1 (6.1)

Dt j

where|j is the ion current densitj),:j/AF, wherej is ion current (in A)Ar is the aperture area
(in cn) of a Faraday cup. When the ratio of the total am®f removed thickness and the
total sputter time is normalized to the ion curréansity, the term dbtal rate (Equation 5.4)
Is used. The difference betwed8Rand totalSRis that the first term shows the results that
may be obtained at intervals of the whole sputteprocess, while the total rate gives the
final result after a defined bombardment time orfioence.

The sputter rate results for different polymert g presented as a function of the ion
fluence, the ion type, the projectile energy arelahgle of incidence, as well as of the sample
temperature and the polymer chemistry.

6.1.1 Sputter rate dependence on the ion fluence @the treatment gas

The method based on the quartz crystal microbalgi®ection 5.4.3) gives the
possibility to measure the real time removal rate # study the kinetics of sputtering. With
the QCM the sputter timg, the removed thicknes$ and the total sputter rat#ts were
recorded every 3 to 15 seconds. In order to olttsndifferential rate, the derivative was

taken by averaging the slopes of two adjacent plaitats:

yi+1- yl + y- Y-l (62)
Xa~- % A X4

wherey was taken as the recorded film thicknésandx was the times. Figure 6.2 shows an
example for the derivative calculation for PS. Fegk.2(a) gives the dependence of the
removed thickness on the sputter time. The pldddiDts vs. ts in Figure 6.2(b) presents the

derivative of the curve shown in the left, where thtioDd/Dts is the differential sputter rate.
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Figure 6.2 Derivative calculation example for PS treated wAlti ions at energy of 1 keV. a)
Dependence of the removed thickness dependente.osputter time. b) The derivative was
obtained by averaging the slopes of two adjacema g@ints of the graph shown in the left.

The rationd/0s is the differential sputter rate.

The thickness of the removed film, the differenéiad the total sputter rates vs. the

ion fluence for PS are given in the Figure 6.3e#ch figure, the dependence on the treatment
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gas is shown. The results shown in the figure atained for the lonEtch sputter gun (Tectra)
using ions with an energy of 1 keV at an anglemmidence being normal to the sample
surface. PS is sputtered fast at the beginningetputtering in the time region of 70 to 90 s
at an ion current of 1.6A which corresponds to an ion fluence of 10" — 3° 10" cm®.
Polymer removal rate at prolonged ion radiationonees constant.

Polymer sputtering with oxygen ions takes place miaster compared to nitrogen
and argon ions. During the bombardment with oxygams ~ 40 nm of PS film were
sputtered, while only ~ 11 nm and 5 nm were remdwetteatment with nitrogen and argon
gas, respectively, for the given final ion fluencEgyure 6.3(a). Therefore, the final sputter
rate for Q" ions is higher by a factor of five, Figure 6.3@d (c). Little difference was
observed in the sputter rate for argon and nitragernrradiation. PS sputters faster during the
bombardments with nitrogen only at the beginningtek, the values for the final rate (total
SRanddSR for argon and nitrogen ion bombardment are closmne another.

The tendency for the total and the differentialittgr rate is the same, with the
exception of the degradation behaviour under oxygembardment. For the latter case,
calculateddSRvalues show a sharp minimum at an ion fluenceboiua 13 cm? (Figure
6.3(b)). It should be noted, that such behaviouthef differential sputter rate was observed
only for PS under the irradiation with 1 keV oxygens.

Below, the removed thickness, the differential aoihl sputter rates ofaMS and
PMMA are given as a function of the ion fluencaamt energy of 1 keV with different ions
using the lonEtch sputter gun (Tectra), Figure 60h the left hand side, results foa @S
are shown (Figure 6.4(a, b, ¢)), and on the rightAMMA (Figure 6.4(d, e, f)). For both
polymers the tendency of the sputter rate is theesas for PS. Sputtering with oxygen causes
the polymers to be sputtered several times fastrunder the influence of argon or nitrogen.
Removal rates for Arand N differ only at the beginning of sputtering, whéethe end the
rates are similar.

In Figure 6.5 the rates of the three polymers (®8VIS and PMMA) obtained for
irradiation with different ions are compared. Inbl&6.1, the results for the total sputter rate
of three polymers at defined ion fluencies anddifierent treatment gases are summarized.
PMMA has the fastest sputter rate under the bormbandl of any gas. Styrene polymers show
similar removal rates for Ar and;Nons with slightly higher rates fora®MS. During
treatment with oxygen ions, the initial sputtererédr PS is two times lower compared to the

rate of RIMS, but at the end they become similar.
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Figure 6.3 a) Removed thickness, b) differential sputter &R, and c) total SR vs. ion
fluence forPStreated with 1 keV Ar N, and Q" ions, the ion current ~1.6A.
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Table 6.1Total sputter rates (in nm/min) of PSal@S and PMMA after the bombardment

with different ions. Rate results are given fon@d ion fluence.

lons PS PaMS PMMA lon fluence, cm™
1.430 1.959 6.751 10

Ar? 0.495 0.543 3.704 10
0.201 0.296 1.086 1o
1.980 2.765 4.862 10

N,* 0.436 0.840 2.829 10
0.266 0.481 1.017 1o
1.846 3.70 5.126 16

0, 0.938 1.411 3.166 10
1.012 1.108 2.315 1o

Differential sputter rate measurements were al#ained using XPS (Section 5.4.2).
Figure 6.6(a) shows th#SRas a function of the ion fluence for PGNS and PMMA. All
three polymer films (~ 10 -12 nm in thickness) wboembarded at room temperature with 1
keV Ar" ions in the preparation chamber. The angle ofdience was 36° off the sample
surface normal. The tendency of the polymer remoat is the same as observed with the
QCM: the rate decreases rapidly up to an ion fleesfc1d* — 10° cm? (depending on the
polymer), afterwards the polymer removal rate isstant. Again, PMMA shows the highest
rate at the beginning of sputtering. Note, thaieanfluence of 5 10 cm? is the limit in
these measurements for polymethylmethacrylate Isecdurther sputtering completely
removed the polymer leaving the pure Si wafer. difference in the rate for PS andS is
only observed in the beginning of the bombardmiatey, in the constant ablation regime, the
differential rate is almost the same for these pwlymers.

The total rate was determined by taking the defiméelgral from a baseline of zero
using the trapezoidal rule. Figure 6.6(b) showsxample of the integral calculation for PS.
The insert in the right corner gives the integrargmeters, where is the number of
measuring points is the limit of integration, and is the total integral area. The removal rate
was calculated by dividing the area by the totalflaence. The total sputter rates of PS and

PaMS at an ion fluence of fem? are 0.2 and 0.3 nm/min, respectively. PMMA is sgred
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with a rate of 2.0 nm/min at an ion fluence of 80" cmi®. These data agree well with those
obtained by the QCM (Table 6.1, Figures 6.3, 6.4).
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Figure 6.6 a) Differential sputtering rate of PS,aMS and PMMA vs. Arion fluence. b)
Integral calculation for PS (i - the number of measg points, x — the limit of integration, A

— total integral area).
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6.1.2 Artefacts related with the region of decreasksputter rate

The sputter rates of different polymer films detered with XPS and QCM showed
the same behaviour. The rates decreased drastatalye beginning of the ion bombardment
until steady state sputtering was reached. Theedserin the rate can be attributed to several
reasons: (i) the steady-state sputtering take® prathe substrate, and the decrease in the rate
occurred due to the complete removal of the polyfitver, (i) an adsorption layer forms on
top of the polymer film leading to the decay durthg ion bombardment; (iii) major chemical
changes in the polymer occur in the low ion flueregion causing the change in the rate.

In the case of the sputter rate measurements ubangXPS method, the prepared
polymer films were very thin (~ 10 - 12 nm). Withcreasing ion fluence, the intensity of the
carbon C1ls line decreased showing that the polyimerthickness decreased, and that the
substrate, a Si wafer, was approached as the ityt@figshe Si2p line increased. In contrast to
this, the polymer films prepared on the quartz tedgswere of 100 - 200 nm in thickness.
During the ion sputtering, the films were reducgdbb- 80 nm, depending on the ion energy
and chemistry as well as the polymer itself. Theaming film still covered the quartz crystal
even if the sputter rate decreased in the ion eeegion of 1¢ to 13° cm®. Taking this
into account, the observed trend is not due taamasttion from sputtering of the polymer
sputtering of the substrate (Si wafers or gold fquenystals).

An influence of the absorbed species on the polysudaces on the sputter rate of the
organic films cannot be excluded, as the samplese wemoved from the furnace and
transferred into the preparation chamber after alimnge If this is the case, then the observed
trend in the removal rate might be the transitiamf the contamination layer to the polymer
film. In order to understand the influence of tletamination layer on the polymer sputter
rate, films were sputtered in two steps. An exanipiePMMA bombarded with argon and
nitrogen ions is shown in Figure 6.7. During thestfisputtering treatment the sputter rate
decreases up to an ion fluence of abotit 40" cmi?, followed by the constant polymer
removal. After the first sputtering treatment, thedified PMMA film was exposed to air for
at least 1 hour. During this time surface oxidat@ma contamination took place. Afterwards,
the same sample was sputtered a second time.ifft@sthe rate reaches the value, measured
in the steady-state region of the first sputtefiregtment, at an ion fluence of’¥@m?, as
marked with the dashed line in the figure.

The two-step sputter procedure was repeated footther polymers. In all cases, the
absorbed layer was removed till the ion fluencesgiabove. Even if the contaminants are

removed till an ion fluence of 3cm?, the sputter rate of pure organic films still deme up
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to ion fluences of 5 x 16- 5 x 13°

absorbed species take place.

cmi?, showing that other processes than removal of
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Figure 6.7 Two-step sputtering of PMMA with (a) argon and (ityogen ions was used to

measure the influence of the adsorption layer an pblymer sputter rateThe dashed line

indicates the ion fluence of f&m? at which the contamination layer is removed.
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A large influence of the adsorbed species is exadualso by the rate measurements
using the X-ray photoelectron spectroscopy methbithvhas several advantages. Firstly, the
polymer samples were annealed under UHV conditionseveral hours in order to remove
the rest of the solvent and the adsorbed speciémeb@erforming the measurements.
Sputtering followed by spectra acquisition was dwidout removing films the films from
the chamber and exposing them to atmosphere, thesgbiding new contamination.
Secondly, the XPS spectra showing the chemical ogitipn of the polymer were recorded
together with the change in the film thicknessvdis noted that major changes in the polymer
surface chemistry were induced in the ion fluereggan where the decrease in the rate was
recorded. From these observations, it can be cdedlthat chemical changes occurring up to
a fluence of 18 cm? should be one of the most important reasons lgattinthe drastic
decrease in the sputter rate. Results for surfagdifivation are presented in Section 6.2,

where structural alterations will be given as action of the ion fluence.

6.1.3 Rate dependence on ion energy and incidentgle

The dependence of the sputter rate and the remibvekhess on the ion energy is
given in Figure 6.8. Figure 6.8(a) shows the toas obtained during the bombardment with
Ar” ions at energies of 1 and 3 keV with ISE 10 iom gising the QCM balance method.
With increasing projectile energy, the polymer kiness decreases faster resulting in larger
rates under bombardment with high energy ions.

The tendency of the sputter rate for different erergies remains the same, i.e. the
removal rate decreases up to a particular ion feecollowed by a constant rate. It was
observed, that the steady state region is shiftedhigher fluences for higher projectile
energies. Figure 6.8(b) shows the td&& for PS, RMS and PMMA as a function of the
energy obtained at constant an ion fluence ofl9* cm In the energy region from 0.5 to 5
keV, the sputter rates of the different polymerséase. PMMA is removed with the fastest
rate. RIMS is sputtered with a rate similar to PS at theelst energies (0.5 and 1 keV), and
only at higher energies the difference in the oditthese two polymers increases.

According to the practical observations of the sguyields of metals, the maximum
yield was observed at angles near 50° to 75° [Bler8l]. This could be also valid for
polymers because of the increased probability éotigles to escape for off-normal incidence.
Comparing thelSRresults obtained by the QCM and XPS, it is foumat & difference in the
sputter rates is observed at the beginning of puttering (Figure 6.9(a)). The removal rate is

higher under the bombardment at an angle of incieleri 36° off the sample surface normal.
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In the constant sputter region, the angle of inmi@ehas no influence on the removal rate.
The difference in the sputter rates at low ionflees can be caused by the projectile’s angle
of incidence. On the other hand, sputter rate getation methods like the QCM and XPS

are rather different. Therefore, the rate depenelemcthe angle of incidence was done using

one method at a constant ion fluence.
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Figure 6.8a) Total sputter rate (SR) vs. ion fluence asrection of the ion energy for PS and
PMMA. Solid squares present the polymer rate reckiguring the bombardment with *Ar
ions with an energy of 1 keV, open squares — 3 BeSputter rates of different polymers as a

function of the projectile energy at a constant florence of 4° 10*° cmi?.
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Figure 6.9 a) Differential sputter rates (dSR) of PS, analMS vs. ion fluence for two angles
of incidence (0° and 36°). Rates at an angle ofM@te measured with the QCM, 36° off-
normal — XPS. b) The total sputter rate of PMMAadsnction of the incident angle of the ions
for an argon ion fluence of 1Dcm?. The insert in the graph schematically presenésahgle

of incidence.

PMMA was sputtered with 1 keV Arions at an ion fluence of ¥ocm? with a
projectile angle of incidence 0°, 36° and 60° b sample surface normal. In all three cases,
the ion bombardment time and ion current were kepstant which resulted in an ion fluence

equal to 18° cm? The removed thickness was measured with a spriofilometer (“step”
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method, Section 5.4.1). The change in polymer tiesk was the same for all three angles, 30
+ 2 nm, therefore the calculated to&Rfor this ion fluence and incidence angles of @ 3

and 60° was the same, ~ 1 nm/min, Figure 6.9(b).

6.1.4 Sputtering rate vs. sample temperature

In order to understand the mechanisms that taieepin polymers during the ion
bombardment it was necessary to determine the depem of the removal rate on the
substrate temperature (measurements are descnb&eadtion 5.4.4). The polymers were
sputtered with argon ions with an energy of 1 ké\am angle of incidence of 36° off the
surface normal using the ISE 10 ion gun. The thesknof the removed polymer was
measured with the profilometer and the rate wasutatied using Equation 5.4. The results for
the determined ablation rate of PS aradVS are given in Figure 6.10. The sputter rate of
polystyrene remains constant with increasing teatpeg for a large temperature range and
an increase was observed beginning at437 K. The sputter rate 0BRSS steadily increases
with increasing temperature. In both cases, theease in the ablation rate starts at
temperatures much lower than the thermal degratdatimperatures of these polymers. For
PS, thermal degradation sets in around 573 K, andPdMS volatile product evolution

begins at 523 K [McNeill 89] (thermal degradatioemperatures were determined by
pyrolysis).
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Figure 6.10Sputtering rate dependence on g@mple temperature. The rate measurem
were done at Arion fluences of 9.2 10 #2 ~ 10" cmi® for PS, and 5 10 #2 ~ 10" cm
2 for PaMS.
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During sputtering, mass spectra were recorded &snetion of time at defined
temperatures with a quadrupole mass spectromeler.tdchnique allowed to record the
sputtered polymer species and to observe the chantfee number of these species as a
function of the ion fluence. Figure 6.11 shows thiuence of the A ion fluence on the

intensity of removed molecules with masses of 5& (@H3) and 77 m/e (gHs — phenyl

ring). These are characteristic masses for PS ambBSpolymers [Briggs 82].
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Figure 6.11 (continued)Change in intensity of 51 m/e (a, c) and 77 mjedjbfor PS and

PaMS as a function of the Aion fluence for defined sample temperatures.

Species with masses of 51 m/e and 77 m/e, as \selbtlaer recorded with the

spectrometer (not shown here), decrease with isgrgaion fluence for all sample

temperatures. On the other hand, the intensitypottered molecules increases with the
increasing temperature at the beginning of therpelyirradiation. This enhancement is very
distinct for RRMS and is less pronounced for PS (note: given pefgndo not thermally
degrade at the temperatures given in the Figurg, @édd the mass dependence on the ion
fluence is only because of the sputtering, withegtion of the mass 51 m/efds) atT = 463

K for PaMS). In the case of polg-methylstyrene, the f£1; molecule, was already detected
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at T = 453 K when the VS sample was heated only without sputtering. Tioeee the
current intensity of this particular fragmentTat 463 K was normalized to the intensity of
this mass that was recorded before the ion bombamtdm

Figure 6.12 compares the results of two massebeating temperature at a defined
ion fluences. Figures (a) and (b) present datairddafor PS and &MS, respectively. In
these graphs, the results are compared with thesgived when sample was only heated
(open and solid squares, respectively). Duringhiating (without ion beam sputtering), first
volatile species were recorded above 473 K forw8le PaMS starts to decompose above
443 K. It was observed, that the characteristicsasdor polystyrene, in contrast taN@S,

have a maximum intensity at about 550 K followedljecrease at high temperatures.
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Figure 6.12 (continued)The dependence of number/intensity of the spdtter@ecules with
masses of 51 m/e and 77m/e on sample temperatdneedtion fluences for (a) PS and (b)
PaMS. Solid and open squares represent the inteasitiethese molecules recorded during
heating only. (c) ¢Hs and (d) GHs molecule intensities vs. sample temperature atitwo
fluences for PS anddMS.

For both polymers degradation can be shifted teelos@mperatures if ion irradiation
is applied. The intensities of thez and GHs molecules increase with temperature under
ion bombardment at an ion fluence of16m?. In the constant sputtering regime at an ion
fluence of 16° cmi?, the intensities are lower compared to the fiesosds of ion irradiation,
but still higher than those obtained by pure thérdegradation. Figure 6.12 (c) and (d)
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compares the intensities of theHz and GHs species, respectively, as a function of
temperature for PS andaMIS at fixed A ion fluences. WhendMS is bombarded at high

temperatures the total amount of ejected moledutes the polymer increases with the ion
fluence, while for PS the intensity of emitted §psaemains almost constant in the whole

experimental temperature range.

6.1.5 Sputter rate dependence on polymer chemistry

The above results were mostly given only for trpelymers: PS, #MS and PMMA.
Figure 6.13 shows the thickness and total rateovsfluence for three additional polymers
obtained for 1 keV Arion bombardment. The polymers listed in the figuage very similar
chemical structures and differ only by one addaiogroup. These polymers can by grouped
as follows: PS anddMS; PAN and PMAN; PMA and PMMA. The difference be®sn these
paired organic materials is that the second meatiopolymer in the pair contains an
additional methyl group, (chemical structures dreven in Table 5.1, Section 5.1.1). Methyl
containing polymers (in the figure represented pgrosymbols) sputter faster than polymers
that have no such group in their chemical formAlaexception is the pair of acrylates (PMA
and PMMA). Both polymers approach the same finaittep rate of ~ 1.5 nm/min at an ion
fluence of 5 10" cm.

More sputter rate results for polymers containixygen, nitrogen, aromatic rings,
fluorine, and pure hydrocarbons are given in Tah2 The rates were determined by the
“step” method (Section 5.4.1) at a defined ion filcee For this particular rate determination
method, it is desirable to bombard material susagih relatively high fluences in order to
obtain a sharp step between sputtered and unsgaifp@rts. For a sharp step, a better profile
Is obtained. Therefore the errors are small. Bexzaiisthe long treatment times (large ion
fluences), the rate is calculated in the constpattering region, giving no information as to
what happens at the beginning of the ion bombardmen

The sputter rate dependence on the polymer chgnsisows that polymers containing
aromatic rings (PS,d@MS, BPA-PC, PMDA-ODA and PBO) have the lowest realaates.
When polymer have oxygen or/and nitrogen groupsyl@es, acrylonitriles, nylon) their
sputter rates increase by one order of magnitutle. eixceptions in these cases are organic
films that contain both polar groups and aromatigs, like BPA-PC, PMDA-ODA and PBO.
As mentioned above, such polymers are removedrratbely. The reason is the property of
the aromatic ring that acts as the energy sinkteptimg the organic material from
degradation. Polymers containing fluorine in thehucture, such as PTFE, FEP and Teflon
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AF, have very high sputtering rates. Here agaim etkception is PBO with one of the slowest

removal rates.
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Figure 6.13 a) Removed thickness, and b) total sputter rateiors fluence for different

polymers. Results were obtained during the bombantwith 1 keV Arions.
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Table 6.2Total sputtering rate (SR) of different polymeasribarded with 1 keV argon ions
at a defined ion fluence (IF).

Polymer Chemical structure SR nm/min IF, cmi?
PS +CH2_Ci'| _]Tl 0296 5, 1015
. 5
PaMS c|re 0.587 5" 10"
_[_CHz—C|i—]ﬁ
1.039 5 10°
PAN *PCHQ—C|H —+
- =
. 5
PMAN C|H3 1.122 5° 10"
+ton—c L
C =N
. 6
Nylon 11 ﬁ 2.511 1° 10"
NH—C — {CHy)ig
n
+er—en—f 4 5
PMA I 1.532 5" 10"
\
|
Hy 1.563 57 10%
PMMA el
e
|
O
.,
PIB - 1.591 5° 10
~[—CH2—(l—]ﬁ
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Table 6.2continued

Polymer Chemical structure SR nm/min IF, cm

BPA-PC cry 0.395 5° 10

PMDA-ODA 0.128 1° 10'°

PBO®@ T 0.072 17 10'°
SO -0

FEP *ECE— szﬂn_E]:z_ CFCF, - 4.278 57 1015

PTFE 7.359 17 10

Teflon AF 18.566 17 10"

a) Xin chemical formula was not given by the manufisct
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In order to summarize the results of Section 6veis# conclusions can be drawn:
1) The sputter rates of polymers depend on the ioenfta. The rates decrease up to a
particular ion fluence followed by a steady-stgpatgering region. This tendency is
observed for every investigated polymer bombardik eifferent ion energies, gases

and at different sample temperatures.

2) The decrease in the sputter rate is attributechéoinduced chemical changes that
occur exactly in the fluence range where the rawinks. Alterations in the polymer

structure will be presented in the Section 6.2.

3) The more reactive the ions used are for polymettspung, the faster the polymers are
removed. Oxygen being the most reactive gas (&t lethe gases used in these
experiments) leads to the highest polymer sputi¢esr compared with the rates

obtained after bombardment with argon or nitrogeTsi
4) In the energy range from 0.5 to 5 keV sputter ratdbe polymers increased.

5) No dependence of the sputter rate on the diffaremient angles of the projectiles at

ion fluences above 10cmi? was observed.

6) The ablation rate measurements at different sangrigeratures showed different
tendencies for different polymer types. The PSsratkowed no influence on the
increasing temperature, and only above 473 K the irecreased by one order of
magnitude. BMS, on the other hand, sputtered faster with irgirgp sample
temperature. Mass spectrum analysis showed that idme beam induced

depolymerization at temperatures lower than fotihganly.

7) Polymer sputter rates depend highly on the polyamemistry itself. Organic films
containing aromatic rings are sputtered with thevelst rates, while Teflon-like
polymers (PTFE, FEP, Teflon AF) have the highestaeal rates.
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6.2 Alterations in chemical and physical propertiesof polymer surfaces

under ion beam irradiation

Polymers either suffer main chain scissions whaoged to radiation leading to the
formation of low molecular weight species whictelatan be sputtered, or different chemical
reactions can occur because of formed free radieatling to cross-linking, branching, and
double bond formation. If a sample is treated vg#ses like oxygen or nitrogen, radicals
reacting with the different species form new fuocdl groups not present in the
original/pristine polymer. Post-chemical reactidake place when treated polymer surfaces
are subjected to atmosphere or other reactive @mvient because of the presence of long-
lived free radicals. Incorporation of new functibii@s may occur also due to treatment with
inert gases like argon. This happens because gidsechemical reactions with the residual
gases (usually oxygen containing ones) in the rtreat chamber. Formation of cross-link
networks or increased concentration of low moleculaight species in one or another way
changes the polymer properties. The influence eflbth is perfectly reflected in the glass
transition temperature measurements, which eitheneases or decreases depending on the
preference of polymer to cross-link or degrade. iméace morphology and tension may also
be changed during the ion bombardment. The increagmlymer surface roughness and

energy may contribute to the improved adhesion etals on polymers.

6.2.1 Changes in the polymer chemical structure

Alterations of chemical structure of polymers wasdied after ion bombardments
with Ar*, O," and N ions, as well as after the exposure of modifielypers to atmosphere.
Depending on the treatment conditions, it was fdsdio incorporate oxygen or nitrogen
containing functional groups. Figure 6.14 (a) abyl show XPS survey spectra for PS and
PMMA after different treatments performed usingelVkion irradiation at an ion fluence of
10 cm®. Pure PS, which in its chemical structure containly carbon and hydrogen, is free
from other elements; however, it easily acceptsgeryand nitrogen, when this polymer is
treated with G" or N,*, or if it is subjected to air after the argon nfiwdition, Figure 6.14(a).
XPS analysis of PMMA shows that this polymer alsacts with nitrogen, when it is
bombarded with B ions. The oxygen peak (O1s) intensity indicatest thuring different
treatments @is removed from the polymer rather intensivelyerewhen bombarded with
O," ions, Figure 6.14(b).

Figures 6.14 (c) and (d) show the atomic weightceotrations (in %) of oxygen and
nitrogen on modified PS and PMMA surfaces. Thettneaits were done ArN," and Q"
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ions with an energy of 1 keV using the ISE 10 (Quomg ion gun. The atomic concentrations
were calculated using Equation 5.7 (Section 5.0l )a take-off angle of 0°. In all cases,

saturation in incorporated or removed species sened.

PS C1s

N1s
O1s

[ W Q2
r_.gzh-_,u - Ar’ + air
L\ untreated

600 550 500 450 400 350 300 250 200
Binding energy [eV]

a)

PMMA s

N1s
O1s

o, i

2
Ar’
untreated

600 550 500 450 400 350 300 250 200
Binding energy [eV]

b)

Figure 6.14
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Figure 6.14 (continued)XPS survey spectra for (a) PS and (b) PMMA treateder different
conditions. The atomic weight concentration of @ygnd nitrogen vs. ion fluence for (c) PS

and (d) PMMA. The type of ions used is given inckets. The data shown was obtained
using the ISE 10 ion gun.

Oxygen and nitrogen concentration in PS increas#s the ion fluence. Treatment
with argon gas only usually does not introduce tamaal functionalities, if the ion
bombardment was performed under high vacuum camditilf the modified samples were

taken to air, the oxygen content increased drdltidagure 6.14 (c). However, incorporation
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of oxygen (of much lower concentration, comparedhat obtained after the exposure to
atmosphere) was also observed after modificatioR®fwith Af ions under good vacuum
conditions. Oxygen species are present in the uakighs of the preparation chambers, and
react easily with the activated polymer surfaceshould be noted, that undeg 'Niradiation,

a little amount of @ (~ 1%) is also introduced into the polymer surfaogether with
nitrogen. The reason is the same as for the argested PS surfaces. When polymer
modification was done with the lonEtch sputter gomygen and nitrogen contents also
increased. Under £ bombardment, the atomic weight concentration gigex was 9, 17, 22
and 26 % for ion fluences of 1 10", 10" and 10° respectively. Irradiation with N ions
introduced 2, 5, 11, 15 and 17 % of nitrogen far fuences of 18, 10, 5 x 134 10"
and10° respectively.

In the case of PMMA, the amount of oxygen decreape® an ion fluence of 510"
cm? and reaches saturation under the irradiation fiérént ions, Figure 6.14 (d). When
treated with @' ions, oxygen degradation occurs slower above mafii@nce of 5 10" cm?,
and reaches saturation at a value of ~10 % whiclgiser compared with argon or nitrogen
treatments. Under N ion bombardment, the oxygen concentration decsease reaches the
same saturation value as for’Aon bombardment, while the nitrogen content insesa

XPS analysis was done using angle resolved Xptatoelectron spectroscopy (AR-
XPS, Section 5.5.1). This technique allows us tbaece surface sensitivity by variation of
the electron take-off angle. Figure 6.15 showsrdwilts for PS treated with 1 keV argon
(Figure 6.15 (a), (b)), oxygen ((c), (d)) or niteag((e), (f)) ions. The graphs on the left show
the ratios vs. take-off angle for defined ion floeg, on the right, the same ratios are
normalized to the value obtained at an emissioteani0°.

When PS is treated only with argon ions (Figures§d) and (b)), the only change
observable in the XPS spectra is the reductiop-pf shake-up satellite which indicates
polymer aromaticity, and little oxygen incorporati¢~ 2 %), which is not discussed here.
Plot (a) shows how the ratio shake-up/Cls decreagibsthe ion fluence (the percentage
values of the satellite only are given in brackg@tsert in graph (a)). A shake-up was not
detected above an ion fluence of 5 x“16m? Normalizing the given ratio to the value
received under an angle of 0°, it is possible ®where the modification starts at first. At a
take-off angle of 0° photoemitted electrons camfoimation about the largest sampling
depth, and it is assumed that the normalized ratequal to unity. With increasing take-off
angle, the information comes from lower depth andtlee spectra become more surface

sensitive. Phenyl rings start to degrade in theetyppost surface layer (emission angle 75°)
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for a very low ion fluence (5 x 1dcmi®). After prolonged bombardment with ions, polymer
destruction occurs deeper within the polymer.

Treatments with reactive ions such a8 Ahd Q' cause phenyl rings to degrade in the
same way as for argon bombardment. Additional ts, thitrogen or oxygen species are
introduced into the polymer. The amount of thesamelnts incorporated into PS increases
with the ion fluence, Figure 6.15 (c) and (e). Frdme normalized O1s/Cls and N1s/Cls
ratios, it is obvious that first £or N, containing functional groups form on the top oé th
surface. With increasing ion fluence the functiogra@ups start to form deeper in the polymer.
During modification with N' ions, a small amount of oxygen (~ 1 %) is intragtiinto the
polymer together with nitrogen itself.

AR-XPS analysis was also done for the polymer doimg oxygen groups in their
chemical structure such as PMMA, Figure 6.16. Tneait conditions were the same as for
PS. The atomic weight concentration is given in Eagure 6.14 (d). lon irradiation with
different gases results in,@ss with increasing the ion fluence. The strohgegradation of
oxygen containing groups observed occurred undgoratbombardment ((a) and (b)).
Treatment with @ ions ((c) and (d)) slows down degradation of thé&sactionalities,
especially for large ion fluences. PMMA modificatiovith N,™ ions ((e) and (f)) removes
carbon-oxygen groups and introduces additionabgén. The loss of oxygen during nitrogen
treatment is similar to that observed for *Aion bombardment, therefore, only, N
incorporation is shown in the figure. The formatwinnew nitrogen functional groups starts
on the surface at an ion fluence of“18m? At 10'° cmi? the modified surface layer is
saturated with B as the difference in the normalized ratio rema&msstant with increasing
take-off angle.

The atomic concentrations of different elements@né in the polymer provide only
general information about the surface chemical ctine. In order to gain a better
understanding about the type of functional groumsnéd, peak fittings are required. The
carbon C1s line is the most informative peak whgchensitive to all changes in the polymer
and therefore details of the incorporated spec#s lie obtained. Peak fittings were done
using the CASA-XPS software in order to determime formation of new functional groups,
and the loss or rearrangements of the ones origipadsent. Figures 6.17 and 6.18 show C1s
XPS spectra with fitted features for PS and PMMeéated with argon, nitrogen and oxygen
ions. The XPS spectra presented in the figures veex@ded at 0° take-off angle. Graph (a) in
both figures gives the carbon spectra of the pespolymer. Chemical formulas of PS and

PMMA are given in the inserts of the graphs. Whealnbon bond corresponds to the fitted
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feature in the main C1s peak is indicated by nusibethe formula: 1 and 2 for PS; 1 to 4 for
PMMA.
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Figure 6.15 (continued) AR-XPS for treated PS. (a) and (b) PS modified wAth.

Percentage values of thep” shake-up satellite (calculated for a take-off angf 0°) are
given in the bracketgc) and (d) modification with £ ions. (e) and (f) treatment with,N

ions. Modifications were done using the ISE 10gan.
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Figure 6.16 (continued)AR-XPS for treated PMMA. Polymer modified with &ns (a) and
(b); O, ions (c) and (d); M ions (e), (f). In the case of nitrogen treatmemt)y N
incorporation is shown, as the decrease in oxygemimilar to that observed for argon

treatment. Modifications were performed usingl®gE 10 ion gun.
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e)

Figure 6.17 Carbon Cls XPS spectra for PS) (@ntreated PS. Insert on the top left shows
the chemical formula. The carbon bonds correspampdmnthe fitted features in the main C1s

peak are indicated by numbers (1 and 2) in the tdam
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b)

d)

f)

Figure 6.17(continued)(b) Comparison of Cls spectra of pristine and rfiedi(Ar" ions)
PS. Peak fitting in the C1s spectra after the st with Q" ions (c) 16* cmi?, (d) 10° cmi
Z and N ions (e) 18* cm?, (f) 10*° cmi®.
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e)

Figure 6.18Carbon C1s XPS spectra of PMMA. (a) Untreated PMMS&ert on the top right
shows the chemical formula with the numbers (1) tmdicating fitted features in the main C

1s peak.
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b)

d)

f)

Figure 6.18 (continued)(b) PMMA modified with Arions at an ion fluence of ¥ocm?
Peak fitting in the C1s spectra after treatmentv@" ions (c) 16* cmi?, (d) 1d° cmi? and
with N,* ions (e) 16* cm?, (f) 10° cm?.
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Figure 6.17 shows the fitted carbon features for B@reated PS contains aliphatic
(C-C) and aromatic (C=C in the ring) carbon funaélities in its structure. Graph (a) shows
the Cls peak with fitted features, as well asph® shake-up satellite indicating polymer
aromaticity. In figure (b) the carbon Cls peaksimtreated and Artreated PS are compared.
With increasing ion fluence, the peaks become mowdth a long tail in the direction of the
high binding energy. Thp-p~ satellite loses its shape until it disappearssarovered by the
tail. During the bombardment, the aliphatic carlbeature increases while the aromatic one
decreases. Such behaviour is observed also fameea with oxygen and nitrogen ions, see
figures graphs (c) to (f). Oxygen containing fuoo@l groups are incorporated during the
treatment with @ ions (Figure 6.17 (c) and (d)); nitrogen are detéipresent after treatment
with N" ions, see figures (e) and (f). The oxygen functigroups shown given in figures (c)
and (d) for oxygen modified PS were also formed mthee treated polymer was exposed to
atmosphere.

Figure 6.18 shows the fitted carbon C1s peaks kdMR. Untreated PMMA contains
different oxygen-carbon groups shown in figure @ring treatment with argon ions the
intensities of these features become smaller Vi¢hincreasing ion fluence, see figure (b).
Similar behaviour is observed when PMMA is treatgth oxygen or nitrogen. In the case of
oxygen modification (graphs (c) and (d)), the nunmidfefunctional groups initially present in
the polymer decreases with the duration of the ydrbent up to an ion fluence of about
10" cm®. Afterwards, the amount of oxygen remains constiigure 6.14 (b)) resulting in a
larger final number of carbon-oxygen functionaitieompared to argon treated PMMA
surfaces (figures (b) and (d)). A different behavios observed when the polymer is
bombarded with B ions (see figures (e) and (f)). The amount of ¢hiestures increased in
the case of nitrogen bombardment, however the $eateres usually decreased in number or
vanished completely under argon or oxygen treatsa€hiis resulted in the formation of
nitrogen containing functional groups bonded digett C or Q.

From Figures 6.17 and 6.18, it is obvious that esdeatures appear at very low ion
fluences, while other requires longer treatments.confirm this, AR-XPS analysis was
performed, and peak fittings were done for all ocarlieatures recorded at different angles.
Figure 6.19 shows the concentrations of some dpkeriational groups observed in the Cls
line of treated PS and PMMA.. Percentage valuelefcsed functional groups are plotted vs.
the take-off angle as a function of the ion fluentiee position of these groups in the carbon

peak is shown in Figures 6.17 and 6.18 for PS aMlIR, respectively.
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The number of aromatic and aliphatic carbon graopgbke untreated PS (Figure 6.17
(a)) fits with the ratio aromatic/aliphatic = 3ifh,percents that is ~ 70 % for aromatic, ~ 25 %
for aliphatic, and ~ 5 % for the shake-up transitibo see how the ratio changes with the ion
fluence, fitting was done for all AR-XPS spectraheTintensity of the aromatic feature
decreases with ongoing ion bombardment down tmal fialue of 20 %, (Figure 6.19 (a)),
resulting in the increase percentage of the alipHatiture and the vanishing of tipep*
satellite. When analyzing the dependence of thenatic group on the take-off angle, the
degradation in the upper-most surface layer 60 - 75°) is observed after the treatment with
an ion fluence of 5 10" cm? Figure 6.15(b). A small amount of oxygen funcéitities
formed during the argon modification of the PS gscef was also formed in the upper most
polymer surface layer.

Graphs (c) to (f) in the Figure 6.17 showed theriation of new functional groups
after PS was treated with oxygen and nitrogen i@ functionalities started to form
already at an ion fluence of fOcm?, preferably on the surface (Figure 6.19 (b) solid
symbols). At an ion fluence of ¥0cmi? saturation in the amount of this group is achieved
and the formation of the C=0 feature (open symliolthe graph) begins. Other carbon-
oxygen functional groups appear in the" @eated PS after treatment with the highest ion
fluence. Similar behaviour of the carbon-oxygenctionalities was observed for polymers
exposed to air after modification. A difference veady observed in the concentrations of the
features formed. The observations were the sameCfdk and N-C-O groups that were
formed in nitrogen treated PS, Figure 6.19 (c).eNihtat the N-C-O feature is detectable
already at an ion fluence of 5 x4@n? (open up-triangles) but only at the surface, a&s th
XPS feature of this group vanishes when analysieme for larger depths.

The same fitting procedure was done for PMMA. Th®-LC=0 characteristic feature,
marked as number 4 in Figure 6.18 (a), was seldaatbscribe the behaviour of PMMA
under ion irradiation. The intensity of this furmtal group decreases with increasing ion
fluence when the polymer is treated with' Asns, Figure 6.19 (d). AR-XPS analysis shows
that C-O-C=0 degrades starting from the outer-nsastace layer at an ion fluence of*40
cm?, and the surface concentration of this featureaimec lower as the concentration
recorded deeper in the sample. When PMMA is treaidd oxygen or nitrogen ions, this the
intensity of the functional group decreases at figsto an ion fluence of 5 x ¥0cm. Then
at an ion fluence of #®cm? an increase is observed, Figure 6.19 (e) and\{f)his point,

O, or N, is incorporated into the polymer leading to therfation of new functional groups in

addition to the ones already present or formedby¢arrangement of the old bonds.
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b)

Figure 6.19
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d)

f)

Figure 6.19 (continuedPercentages of special functional groups obtaingdB-XPS for PS
and PMMA treated with 1 keV A¢a) and (d)), @"(b) and (e)), and N {(c) and (f)) ions.
Selected functionalities are given in Figures Gahd 6.18 for PS and PMMA, respectively.
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6.2.2 Surface glass transition temperature

In the introduction of this chapter it was men&drthat ion irradiation can result in
cross-linking or in the formation of low moleculaeight (LMW) species. Depending on the
polymer’s tendency to create cross-link networki@miform small mass molecules through
chain scissions, the properties of the polymer rbayimproved or become worse. By
measuring the glass transition temperature, inssiple to determine if formation of cross-
links or degradation products is preferred. In fingt case, the glass transition temperature
should increase and in the second case it shoculéatee.

In order to measure the glass transition tempegaifithin modified layers (thickness
up to 5-6 nm [Biersak 87]), none of the conventlaeahniques used to measure the glass
transition temperature can be applied, as the teatypre has to be measured for a thin surface
layer only. The method based on the embedding blenmetal clusters [Zaporojtchenko 01,
Erichsen 04], described in Section 5.5.2, is serfansitive and, therefore, was adopted.

Figure 6.20 shows a plot of the difference in shieface glass transition temperature
Tgs (OTgs = Tgs' —Tgs™, WhereTy." is the measured temperature after the polymeintesz
Tgsuntr is the temperature for the untreated polymer)ths.ion fluence for three polymers
treated with 1 keV argon ionél4s for PS increases monotonically with exposure, evttile
change for BMS and PMMA is very small and almost constant ia theasured ion fluence

range.

Figure 6.20The change in surface glass transition temperatffigs, vs. ion fluence for PS,

PaMS and PMMA treated with Aions with an energy of 1 keV.
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The small change in thBTy for poly-a-methylstyrene and polymethylmethacrylate
shows that formation of degrading products is prete PS, on the other hand, is a polymer
which preferentially cross-links. The degree ofssHinking, x, was calculated for PS treated

with Ar* ions using the well known relation given in thef. Rirevelen 90]:

T - Tg 0= 1.2Tg 0 (x/ (1 -X)) (6.3)

wherex is the number of cross-links per number of backbatoms,Tyo and Ty cn are the

surface glass transition temperatures of the usdmked and cross-linked polymer, or in our
case, temperatures determined for the untreatedtraatled polymers, respectively. The
calculated cross-linking density for PS is giverTable 6.3. It should be noted that Equation
6.3 attributes the increase in the surface glamssition temperature completely to cross-
linking and does not take into account the incraag@e chain stiffness resulting from new

functional groups formed after polymer treatmerthweactive gas.

Table 6.3Change in surface glass transition temperature aattulated degree of cross-
linking for PS treated with argon ions.

IF, cmi? 10*? 57 102 10" 5 10°

DTgs K 1.5 5.01 14 22

Degree of cross 35 6.2 16 18.5

linking, %

The surface glass transition temperature for P&ases also when it is treated with
oxygen or nitrogen ions. At lower fluences the tenagpure difference is the same as for argon
treated PS, and only starting at an fluence of 61 DT it rises further for PS containing
N2 and Q functional groups. Table 6.4 presents values[¥oys for PS treated with argon,
nitrogen and oxygen ions at an ion fluence 6f 50" cmi?. The increase in the temperature
change for the oxygen and nitrogen treated PS esfenay be due to the enhanced cross-
linking through the new functionalities, and duethl® formation of carbon-oxygen and
carbon-nitrogen functional groups which may restrizain rotation resulting in higher glass

transition temperature values [Young 91].
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Table 6.4Change in the surface glass transition temperatiore PS treated with argon,

nitrogen and oxygen ions at an ion fluence 6fB" cm?.

lons Ar® N, 0,"

DTgs K 22 31 35

No influence of the modification gas on the glassisition temperature was observed
in the case of ®MS and PMMA. The differences in temperature rentithee same as those

recorded for argon treatmen®ys = 2 - 4 K).

6.2.3 Changes in surface tension

Water contact angle measurements (Section 5.6 dene in order to measure the
surface tension. Figure 6.21 shows images of wargps on untreated and ‘Arreated PS.
Grey lines in the images indicate the interfacevien liquid and the polymer surface. The
water drop on untreated PS is of the form of a heitid the angleg > 90°. With increasing
ion fluence, the liquid spreads on the treatedasar,fshowing that the hydrophobic PS surface
becomes hydrophilic, when the polymer is irradiatéith ions. Similar images were taken for
other polymers.

Contact angle measurements were done in air. Ingndeat the treated polymers were
removed from vacuum and reacted with atmosphesic Oiring these reactions oxygen
containing functional groups were formed that ieflaed the experimental measurements.

Figure 6.22 shows the dependence of the water cioautgle on the ion fluence for PS
and PMMA. Values ofy were calculated with the software using the Youagtace function.
Liquid spread more across the surface with incrgamin fluence resulting in smaller contact
angles. For PMMA, the value @f remains constant up to an ion fluence of*dn? and it
starts decreasing above an ion fluence df £671% Untreated polymethylmetharcylate has a
lower angle than pristine PS because of oxygentifumal groups present in PMMA which in

contact with water turn from the bulk towards theface.



Results 133

Untreated 5 x10* cmi 10" cmi?

10** cmi? 10%° cm? 106 cm?

Figure 6.21 Water drops on a PS surface before and after angeatment. Contact angle
measurements were done in air. The grey line imtluglle of the drop indicates the interface

between water and polymer surface

Figure 6.22 Contact angle of water on Atreated PS and PMMA surfaces. Measurements

were done in air
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6.2.4 Polymer surface roughness

The influence of the ion beam on the surface roegh of the polymer film was
measured with AFM. At low ion fluences, the changsurface roughness was negligible and
only above an ion fluence of ocm? a difference (2-3 times) was observed. The vafifes
the polymer surface roughness are given in theer@t. All polymers were treated with 1
keV Ar" ions. For comparison, the values for pristine $ilare given. When the ion fluence

reaches values ¥0and 16° cm?, Ry 0r Rims do not differ with the treatment time.

Table 6.5Average, root-mean-squared roughness of differehgnpers treated with 1 keV

Ar' ions.
Polymer lon fluence, cn? Rims, NM Ravee NM
0 0.333 0.257
PS 108° 1.095 0.852
106 0.983 0.771
0 0.412 0.307
PaMS 10%° 0.848 0.652
106 1.02 0.792
0 0.565 0.438
PMMA 10%° 1.495 1.217
106 1.18 0.911

Summarizing Section 6.2, it was shown that:

1) polymer surface treatments with different gasesitedchemical changes forming new
functional groups, and rearranging or removing lmdshds. Exposure of the modified
samples to air causes free radicals to react Wwahatmosphere resulting in additional

oxygen incorporation;

2) nitrogen and oxygen incorporation into PS increaggh the ion fluence until
saturation is reached at an fluence of abodt &6i°. The intensity of the shake-up

satellite, the characteristic feature of this patyndecreases with increasing fluence.
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3)

4)

5)

6)

7)

In the case of PMMA, the amount of oxygen was olsrto decrease under
irradiation with different gases. Nitrogen was aiistvoduced into this polymer under
N," ion bombardment. The concentration of nitrogemeased with the fluence, while

the concentration of Odecreased;

AR-XPS showed that the very first changes underii@diation occur in the outer
most surface layer, and only after prolonged iombardment the modification is

uniformly distributed in the whole treated layer;

different features were fitted to the carbon Clskpeshowing the formation of
different functional groups. AR-XPS of the charaistic features showed that these
functional groups started to form on the surfacel aome of them formed even at

lower ion fluences as compared to the results obddior normal take-off angle;

through the surface glass transition temperaturasmrements it was observed that
PaMS and PMMA preferably form degradation producescduse of the constafys
For PS, the surfacBys increases with increasing ion fluence, and thgelsir calculated
cross-linking density reaches almost 20 %. An erfice of different ions offiys was
observed only for PS, witDTys being higher for nitrogen and oxygen modification
compared to argon treatment. No influence of thretype was recorded for the two

other polymers;

contact angle measurements showed that polymeacasfchange from hydrophobic
to hydrophilic after argon ion irradiation and egpee to air. A decrease in the water
angle on treated polymer surfaces indicates areaser in polymer surface energy,

which may be important in the case of metal/polyadiresion (see next section);

changes in the surface roughness were negligibléowt ion fluences. Larger
differences were observed at fluences abové di”>. One of the adhesion theories
claims that the increase in the surface roughrtemsld improve the adhesion between
two materials, Section 2.2.3. However, observedgts in roughness for PSalS
and PMMA are not very large, and the influence lom &adhesion is expected to be

small.
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6.3 Metal-polymer interface formation: relevance toadhesion

Polymers and metals are very dissimilar materiatg] interaction between them is
weak. In the initial metal deposition stage, snmadltal clusters are formed on the untreated
polymer surfaces. With increasing metal fractidosters become larger, start to coalesce and
continuous metal films are obtained with rather rp@alhesion strength between two
materials. When a polymer is treated with varioolssj new adsorption sites are created
resulting in an increased density of metal clusterd a larger condensation coefficient, as
well as improved metal-polymer adhesion. Howeveratment of some polymers did not
increase the adhesion strength even if the contlensaefficient approached unity. Analysis
of the peeled-off side of removed metal films shduleat the failure location changed from

interfacial for untreated to cohesive failure ie fholymer substrate for treated surfaces.

6.3.1 Early stages of metal growth on treated polyar surfaces

The early stages of metallization are far from rin@adlynamic equilibrium conditions
since isolated metal atoms impinge on the polymefase. Therefore, various competing
processes (adsorption, surface diffusion and nticleaafter encountering other metal
adatoms, metal atom reemission into vacuum, etaye hto be taken into account to
understand how the metal-polymer interface is fatmdetals of low reactivity, especially
noble metals like Cu or Au, do not wet polymer aaés but form 3D clusters, as shown in
Figure 6.23 for Au cluster formation on untreated &eated PS surfaces.

There are two possibilities for metal nucleation mlymer surfaces: the so called
random and preferred nucleation. Nucleation isguretl, when metal atoms are trapped at
some defect sites, and random where nuclei areeibimy metal atom encounters. Both cases
are distinguished by examining the maximum cludezrsity as a function of the deposition
rate. It was shown [Thran 99, Zaporojtchenko OQapdfojtchenko 03a], that noble metal
atoms underwent random nucleation and completeerwmation at RT on polymers with high
concentrations of polar groups like PMDA-ODA polyite. Preferred nucleation and,

correspondingly, incomplete condensation was oleseon untreated PS.



Results 137

+ 2 =2
b) untreated c)Ar* 5 x 10 cm

d) Ar* 10" cm?

Figure 6.23 (a) Schematic diagram of noble metal cluster fdrama on untreated and
treated polymer surfaces. (b-d) TEM images of Asters on PS films. PS was treated with

Ar* ions with an energy of 1 keV. The nominal thickiés$ke deposited Au was 0.3 nm.
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A description of condensation coefficie@tand the cluster density. measurements
and calculations is given in the Section 5.5.3. Tbedensation coefficient is defined as the
ratio of the number of adsorbed metal atoms tddte# number of metal atoms arriving at the
surfaceC is related with the probability to find a prefatrsite for adsorption that is related to
the mean distance between these sites and thesidifflength of the adatoms on the polymer
surface. If the distance between the nucleatiotregns larger than the diffusion length of
metal adatoms, most of all approaching metal ataresnot able to find a nucleation site
resulting in a low value o€. A schematic diagram of cluster formation on jmsstand
modified polymer surfaces is given in Figure 6.23@n the untreated surface only few
nucleation centres are present, leading to smalister densities with large clusters as shown
in the TEM image (Figure 6.23(b)). The cluster dignsf Au on an untreated PS surface is
10" clusters/crh and the condensation coefficient is about 0.4§uifé 6.24(a). Using ion-
beam treatment, additional adsorption sites (defemilar groups, unsaturations, etc.) can be
created on the polymer surface. Metal atoms agivam the treated surface easily find
preferred adsorption sites and form clusters, ittistance comparable to or even smaller
than the surface diffusion length, leading to thiefation of evenly distributed small clusters
with a high cluster density and, consequently, nohggher condensation coefficient. The
density increased up to 4.56 x4 6lusters/crhand 8 x 1& clusters/crhfor ion fluences of 5
x 102 cm? and 16° cm?, respectively, Figure 6.23. The condensation agefft of Au also
increased with increasing ion fluence and reacmty,U-igure 6.24(a).

As the condensation coefficient increases witheaasmg density of adsorption sites,
there is possibility that adhesion between metal palymer can be also enhanced with
increasing ion fluence. The improvement may be tduthe increased number of nucleation
sites, or because of the formation of strong chalrionds between metal and ion beam
induced functionalities. The peel strength (meatuwvieh the peel test (Section 5.8)) for the
AU/PS system is given in Figure 6.24(b). The mea$strength reaches a maximum followed
by a decrease at higher ion fluences. Comparingesalts for condensation coefficient and
measured peel strength, the correlation betweenatls®rption probability and adhesion
cannot be found, as the strength decreases atfisemere complete metal condensation and
saturation in the cluster density are reached. dtcetation was also found between the peel
strength and the increase in the surface energyr€s 6.22 and 6.24(b).
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b)

Figure 6.24(a) Condensation coefficient and (b) peel strergjtAu vs. ion fluence on argon

treated PS surface.

Figure 6.25 show€ andN. of Cu on treated PS. It remains at ~ 42 % oftiefposited
metal on the pristine polymer film surface. Afteni irradiation, the metal adsorption
probability was enhanced up to unity. Differentsanduce various chemical changes in the
polymer surface, as discussed above. Neverthelesspn chemistry does not play a very
large role in the condensation coefficient measergsC values on surfaces treated with N
ions are larger in the fluence range of 5 ¥*16 13* cm®. At higher fluences, the difference
becomes negligible as complete condensation ocAltfeough, that a small variation in the

adsorption probability was observed, the increastheé cluster density was found to be the
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same for all treatments. Experimentally determmwades ofN; are proportional to the values

of the ion fluence up to $bcm?® where saturation in cluster density is reached.

b)

Figure 6.25 (a) Condensation coefficient and (b) cluster dgnef Cu on PS. The polymer

surface was treated with different ions with anrggeof 1 keV.

The dependence of the condensation coefficientt@dluster density on the polymer
chemistry is shown in the Figure 6.26. The numieCw clusters and their density increases
with the irradiation fluence for all polymers. P&daPaMS have the same values©fandN.

The adsorption probability on untreated PMMA is &by 15 % compared to the other two
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polymers. After modification, this difference demses and the condensation coefficient is
close to the valued of PS andMS. The condensation coefficient of PP is giverFigure
6.26(c). Cu on untreated PP has the lowest adsarptiobability when compared to other
polymers, see Figure (a). With increasing ion fleetthe value oC approaches unity. The
cluster densities of Cu on polymers increase wupvalue of 18 clusters/cry, which remains

constant at higher fluences.

b)

Figure 6.26
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d)

Figure 6.26 (continued)(a) Condensation coefficient and (b) cluster dgnsf Cu on PS,
PaMS and PMMA. The polymer surfaces were treated Aithions with an energy of 1 keV.

(c) and (d) condensation coefficient and clustersity of Cu on oxygen treated PP.

6.3.2 Metal adhesion on treated polymers

The increase in condensation coefficient and efusiensity indirectly shows the
possible enhancement in the adhesion between methpolymer. For the Au/PS system,
Figure 6.24 only shows a correlation between theesidn strength and the adsorption
probability for low ion fluences, i.e. before th@ximum was reached. However, the decrease
in peel strength at higher ion fluences, where detepcondensation of noble metals is

observed, makes this correlation difficult to expldn order to understand this phenomenon
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the peel strength was measured for different npethimer systems as a function of the ion
fluence and ion chemistry. The XPS analysis of gheled-off surfaces of metal films and

polymer substrates was done after the peel tegrriements to determine the failure location.

6.3.2.1 Peel strength
90° peel tests (Section 5.8) were used to meah@epeel strength (or adhesion

strength in N/m)P, of metal on polymer surfaces. Figure 6.27 shdwspeel strength of Cu

vs. the ion fluence on PS treated with differentsiavith an energy of 1 keV.

b)

Figure 6.27 Peel strength of the Cu/PS system. PS was tredthdl keV (a) Ar ions and

Ar” ions followed by the exposure to the air for 1;day N," and Q" ions.
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The adhesion of Cu on PS increases by severalsooflenagnitude, reaches maximum
at some ion fluence, which depends on the treatc@mditions, followed by the decrease. If
the polymer surface was modified with argon anérafards exposed to air, the maximum
peel strength value was shifted to a higher ioarfie compared to the pure argon treatment,
Figure 6.27(a). The largest shift in the strengtaximum was observed for the nitrogen
treated polymer surface, Figure 6.27(b), but thghést adhesion strength is observed after
irradiation of the PS surface with,Oons. The peel strength is also largest Wth 90 N/m
for PS modified with @ and N ions at ion fluence of 0 cm? while for pure argon
treatment with subsequent exposure to atmospherneettl strength value is slightly above 40
N/m at the same fluence.

The dependence of the adhesion strength on thesieganetal is given in Figure
6.28 for argon treated BPA-PC surfaces. For PSp#es strength of Au is given in Figure
6.24 and of Cu in Figure 6.27. In the case of REBIPA-PC, the measured adhesion strength
approaches a maximum followed by a sudden decréasige case of polycarbonate, Cu and
Au adhere with the same strength on pristine and-BE treated with the lowest ion fluence.
After prolonged bombardment, the difference of treel force between the two metals
becomes significant. Adhesion of Au does not shawaaimum up to an ion fluence of *£0
cm? where the highest force is measured for Cu. lthbe noted that this fluence is the last
measuring point for Au. It is most probable thather treatment may leads to a decrease in
the force. The ion fluence of F0cmi? may be the point where the maximum value in the

strength is also reached for gold.

Figure 6.28 Peel strength vs.
ion fluence as a function of
metal for BPA-PC treated with
1 keV Af ions.
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Figure 6.29 compares the measured peel strendiu @n different polymers. PS and
BPA-PC have maximum followed by a decrease in mattiesion strength.a®S and
PMMA have a strength of 1 N/m and it remains camsteth increasing ion fluence, Figure
6.29(a). The peel strength of Cu did not increakenmthese two polymers were treated with
oxygen or nitrogen gas. A different behaviour wasesved, when Cu was peeled-off from
PP foils, Figure 6.29(b). The adhesion strengtineiages with increasing ion fluence and, in
contrast to PS or BPA-PC case, does not fall oferathe maximum was reached.
Modification with oxygen showed to be an effectivay to enhance the adhesion strength of
Cuon PP.

b)
Figure 6.29Peel strength of Cu (a) on different polymers teeatvith argon ions and (b) on

PP treated with oxygen and nitrogen ions with aergg of 1 keV.
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The last observation, i.e. dependence of the gteehgth on the polymer chemistry,
showed that metal adhesion on polymers dependsoaldbe polymer’s tendency to form
cross-links or to degrade under ion irradiation, PB and BPA-PC are polymers that cross-
link under irradiation (a detailed discussion igagi in Chapter 7), and the adhesion strength
increases. Even if a decrease is observed, thdusbd$d value is still larger than for the
untreated polymer.@&MS and PMMA are polymers which preferably degraatg] in their
case no improvement in metal adhesion was obsefedhe other hand, the condensation
coefficient measurements showed an enhancementsor@ion probability and cluster
density for all polymers, Figure 6.26. If it is leeled that the increase @ correlates with an
indirect adhesion improvement, this is not truethe case of ®MS and PMMA. But, it

should not be forgotten that the condensation cwefit is measured on the surface.

However, the force obtained by the peel test measemnts shows at what peel strength two
surfaces are torn apart. In this case, the bregknoiabe necessary at the interface, but in one

of the materials. Therefore, it was required teedatne the failure location.

6.2.3.2 Failure location

After the peel test, XPS analysis on both peelethses was done. As an example,
Figure 6.30 (a) shows the survey spectra for purai@ spectra obtained after the peel test of
Cu from PS. The carbon peak intensity increasedcanger intensities decreased when peel
test was done on treated polymer surfaces. It wagtioned, that the carbon C1s line is the
most informative peak containing characteristicypwdr features. The XPS spectra of the Cls
line (Figure (b)) changed in shape when the Cu filas peeled-off from differently treated
surfaces. The carbon peak recorded after the pselfftom untreated PS contained some
oxygen functional groups, as the envelope becommsdbr on the high binding energy side
(dashed line in Figure (b)), and oxygen was reabrtethe XPS analysis (dashed line in
Figure (a)). When Cu was peeled off from polymeesited with argon (ion fluence of £0
cm?), the oxygen content decreased and the shapesolir@lwas the same as for the pristine
polymer containing thg-p* shake-up transition. Similar records were obtdirma peeled
surfaces from PS treated with other gasses, asawelh the peeled metal sides from different

polymers.
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b)

Figure 6.30 XPS spectra recorded on the peeled-off Cu sigeS(avey spectra of pure Cu
(solid line), and spectra obtained after the pesittfrom untreated and modified PS (dashed
and dotted lines). (b) C1s peaks of pristine P8dd$me), and C1s recorded on Cu films after

the peel test from untreated and treated polymaslitdd and dotted lines).

Applying the equation 5.6 (Section 5.4.2), the khiess of the peeled-off polymer on
the metal side was calculated. Figure 6.31 preshetpeel strength of Cu films removed
from PS, and the polymer thickness on the peelelmsale vs. ion fluence for PS treated
with different gases. The thickness of the polynremoved during the adhesion

measurements increased with the ion fluence forreditments. Comparing the peel strength
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values and the removed polymer layer, it could taéed that the PS layer on the metal still
becomes thicker at the fluences where adhesiongitretarts to decrease.

b)

Figure 6.31
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d)

Figure 6.31 (continued)Peel strength of Cu on PS (solid squares) andotiigmer thickness
on the peeled metal side (open circles) vs. ioenite for PS treated with different gases: (a)
Ar; (b) Ar followed by exposure to air; (crCand (d) N.

The XPS technique has limitations in determining@ tlemained polymer layer
thickness because of the attenuation lenigthof substrate atoms through the organic layer.

The maximum thickness that can be determined iB&ggs 90]. Therefore, in the case of a
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polymer layer on Cu, the maximum thickness that bandetermined is 10 - 11 nm, for
polymer films on Au, the maximum measurable thideés 12 -14 nm. A PS layer on a
copper film removed from polymer surfaces treataeth wxygen or nitrogen with an ion
fluence above T0 cm? becomes thicker than 10 nm, as no Cu2p or Cu3abigas detected

on the peeled metal side. In the Figures 6.31r{d)(d), such thicknesses are denoted as 12
nm. This thickness was estimated after depth pmgfibf the peeled-off strips was done. A Cu
signal was detected after the sputtering with 1 ReVions for 2 min at ion current of 137 nA
which corresponds to an ion fluence of->Llem. At this ion fluence, 2 to 3 nm of PS are
removed (Section 6.1). The remaining polymer thedgwas found to be about 9-10 nm.

In Table 6.6 the calculated organic layer thickeegsn nm) on the metal (Cu or Au)
side peeled off from polymers treated with 1 keV,AD,", and N' ions are summarized.
Treatment with @ at an ion fluence of & cm? caused Cu to have very high adhesion
strength (~ 1000 N/m) that led to the removal shall amount of metal not suitable for the
XPS analysis. The layers of other polymers on nstld increased with the ion fluence. Even
for PaAaMS and PMMA, where the adhesion strength of 1 NAmained constant, some
polymer layer was detected on the peeled-off Ce.dl the case of PP, the polymer layer
thickness removed from the oxygen treated surfacés- 2 nm up to an ion fluence of'40
cm?, and only at higher fluences the removed thickrieseases. After the peel test of the
nitrogen treated PP surface, the peeled-off polylangr shows a tendency to increase, but
the detected layer thickness decreases above dnémte of 1&° cm®.

Table 6.6Thicknesses of polymer layers (in nm) on peele@ofor Au sides removed from

polymers treated with 1 keV A", and N ions.

untreated 5x 8cm?  10*cm? 10®°cm? 10" cm?
BPA-PC + Arf + Cu 2.19 2.63 2.33 9.04 7.22
PaMS + Ar* + Cu 2.91 4.80 5.19 7.81
PMMA + Ar " + Cu 2.07 3.34 4.48 4.84 5.24
PP + Oz+ + Cu 1.09 1.76 0.79 6.19
PP + Nz+ + Cu 1.09 1.09 1.50 0.57 0.57
PS + Ar + Au 1.79 4.202 9.268 >10

BPA-PC+ Ar* + Au 2.43 3.12 2.32 7.60
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1)

2)

3)

4)

In this Section, it was shown that:

noble metals form three dimensional clusters owymel surfaces. The density of the
clusters increased with the ion fluence becausethef formation of additional
adsorption sites. This resulted in an increasehan dondensation coefficient. The

condensation coefficient increased for all polymers

the metal adhesion strength was shown to be dependehe polymer chemistry, ion
fluence and ion type. Three types of peel strenlgipendence were observed: (i) no
improvement, (ii) the strength reached a maximutoeséollowed by a decrease, (iii)
the strength increases and reaches saturation.olfmers preferentially form
degradation products under ion irradiatio@{#S, PMMA), metal adhesion did not
show any dependence on the treatment time andmhehiemistry. No improvement in
adhesion was observed in such cases. For crossdiplolymers (PS, BPA-PC), the
peel strength increases, reaches a maximum irduéece rage of 16— 5" 10" cm?
and then drops. Nevertheless, the absolute valsgllisarger than for the untreated
polymers. @Q" and N* ion modification resulted in a shift of the maximuo higher
ion fluences as well as to higher peel strengthnmbempared to argon treatment
results. Metal adhesion on PP increased with timeflwence until saturation was

reached;

the correlation between the peel strength aedctindensation coefficient as well as
the increase in polymer surface energy is rather peor. In case of PS, BPA-PC, the
drop in strength occurs at fluences where commetelensation and saturation in the
increased surface energy were observed. M3 and PMMA, the peel strength
remains low (1 N/m) even if improvements in adsorptand contact angle
measurements were recorded. Only in the case athEReel strength increased with

the ion fluence and reached saturation;

analysis of the peeled-off side of the metahfdhowed that in most cases the failure
location changed from interfacial for untreatedypoér to cohesive failure in the

polymer for treated surfaces. The maximum measpesl strength determines the
adhesion force of two peeled-off polymer surfaddserefore, the conclusion can be
drawn that adhesion at tineetal/polymer interfacevas improved with increasing ion

fluence, at the same time creating a weak layd¢nerpolymer. In the case of PP, it is
impossible to determine the exact location of @igufe because of the controversial

results.
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Chapter 7

Discussion

In the introduction, it was mentioned that the Igufathis research was to determine
the sputter rates of different polymers as a famctf the ion beam parameters; to modify the
surfaces of organic films changing their chemissiyface energy and roughness; and finally
to determine the influence of the ion energy, faeerand ion chemistry on the metal
condensation coefficient, nucleation, and adhesmothe polymer surface. Irradiation with
ions results in polymer removal and, at the sammee,tisurface modification. Since ion
induced changes in the polymer surface layer infteethe metal/polymer adhesion, this
makes the discussion rather complicated, as oneopmenon cannot be explained without
mentioning another one. Therefore, explanation @gadussion of the results is divided into
two parts. The first part (Section 7.1) deals with beam irradiation of polymer films. Here,
the dependence of the polymer film removal as atfan of the ion fluence, and the influence
of the type of gas, sample temperature and polywhemistry will be explained. The second
part (Section 7.2) deals with ion beam induced rication of the metal-polymer interface

formation.

7.1 Low energy ion beam irradiation of thermoplastt polymers

The effects of “conventional” ionizing radiationke g and X-rays, fast electrons and
neutrons, on organic substrates have been studirechdny decades. Modifications under
such irradiation occur not only on the surface &lso in the polymer bulk due to large
penetration depth of these particles. But fundaaietypes of radiation induced chemical
modifications, established for high-energy (ionginrradiation, can also be applied for
polymer bombardment performed with keV and MeV leans. The more important
chemical changes that irradiation causes in polgraez [Woods 94, Marletta 90]: formation
of chemical bonds between different molecules dieint parts of a macromolecule, i.e.
cross-linking; irreversible cleavage of bonds withimolecule, resulting in the fragmentation
of the molecule and loss of volatile species; cleang the number of unsaturated bonds, i.e.
formation or disappearance of various types of touionds between carbon atoms; the

formation of intramolecular bonds — cyclizationjae¢ion or formation of other groups in the
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presence of different gases. All of the above nometil chemical changes influence the
polymer sputter rate as well as other properties.

Up till now, a lot of investigations have been @rout on the ion irradiation of
polymers with high energy (> 100 keV) ions [Fink, @hlcagno 91, Punglisi 94, Licciardello
88] which penetrate several hundreds of nanometeds even micrometers into the bulk.
Therefore, the induced processes can be compatbhdhese obtained for ionizing radiation.
However, little is known about the mechanisms af iimduced changes in polymers for low
energies (1 - 5 keV), as only surface and neaaseatayers are involved in the process. In the
following discussion, we will try to explain ourgsdts for the dependence of the polymer
sputter rate on ion beam parameters like ion fleesmad ion type, sample temperature and

polymer chemistry, and possible sputtering mecmasis

7.1.1 Sputter rate dependence on the ion fluence der Ar™ irradiation

Sputter rates of polymers decrease up to an i@néle of 5 x 18 cm? (depending on
polymer chemistry and irradiation conditions) felled by a constant removal rate (Section
6.1). This tendency was observed for all investidgpolymers and all treatment gases. In
Section 6.1.2, the possible reasons for the deer@ashe sputter rate were discussed.
Adsorbed species were removed is the first secohtlse treatment up to an ion fluence of
10" cm?, and their influence on the sputter rate can beluded. The main reason was
attributed to the structural and chemical transtiroms that take place at the beginning of the
ion irradiation, and are characteristic for eactymer. In the fluence region from $to 5 x
10" cm?, all polymers lose hydrogen and hydrogen-carbofecutes, as well as oxygen or
nitrogen if present in the polymer. Finally, in thieady-state region the polymer surfaces are
enriched with carbon.

The further discussion of polymer sputter ratesaimied for argon ion bombardment
will be divided into three parts, where ion irrdetha mechanisms for different groups of

polymers, i.e., poly(styrenes), poly(acrylates) poty(acrylonitriles), will be analyzed.

7.1.1.1 Polystyrene and pola-methylstyrene

Polystyrene and polg-methylstyrene are structurally rather similar poérs, Table
5.1. The only difference in the structure of th@ @olymers is the methyl (GHgroup at the
tetra substituted carbon atom in the monomer &ath polymers have a phenyl ring in their
structure indicated by thg-p* shake-up satellite in the C1s line of the XPScé@e Figure

6.17 (a) shows a typical C1s peak for PS withditteomatic and aliphatic features. The same
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shape of the carbon peak is observed faMB. The only difference between these two
polymers in the XPS spectra is the ratio betweenattomatic and aliphatic carbon features.
The ratio of aromatic to aliphatic feature for B3ito 1, while for BRMS this ratio is 2 to 1
because of the additional methyl group. During #n irradiation the carbon peak becomes
broader and thp-p* feature becomes smaller until it is not detectadnl is covered within the
wide tail of the C1s line, Figure 6.17 (b). In teda to this, the aromatic feature will decrease
and the aliphatic increase in intensity, as shawrPfS in Figure 6.19 (a).

Analyzing the degradation of the phenyl ring undet ion bombardment, it was
noticed that the shake-up satellite observed wi@#sXlecreases with increasing ion fluence
for both polymers, Figure 7.1 (a). An ion fluendesox 10 cmi? was the last point at which
the p-p* feature was detected. The reduction rate in Htellge intensity does not differ for
both polymers, as well as the change in the rdtiihe aromatic and aliphatic carbon peaks,
as shown in Figure 6.19 (a) for PS. The loss inrnbensity of thep-p* feature may be due to
the removal of the whole phenyl ring from the pogmethain. The breakage of old or the
addition of new bonds to the ring may change thermsgtry of the benzene molecule causing
reduction in the satellite intensity as well. Thaigsion of the rings was detected with the
mass spectrometer, Figure 7.1 (b). The chemictd yieimber of active species produced per
100 eV of absorbed energy) of the benzene molaetrdecases under argon bombardment up
to an ion fluence of 5 x 1Hto 7 x 13* cm?. Then the constant removal rate lasts up to a
fluence of 2 x 18 cm? above which ¢Hg molecule was not detected by our mass
spectrometer anymore.

Comparing the XPS and residual gas spectra, ibwoas that the rings in PS and
PaMS undergo degradation in the ion fluence rang&@®t to 7 x 16* cm?. However, the
yield of benzene molecule is very small compareth&yields of other molecules desorbed
from polymer surfaces during the treatment, Figare (c). Hydrogen (k) and acetylene
(CzH2) molecules are the main gaseous products detdataty ion irradiation. These are the
main degradation products of PS andM$ [Venkatesan 87, Calcagno 92, Wang 97,
Charlesby 60]. The behaviour obldnd GH, molecules under ion bombardment is the same
as that for ring degradation, i.e., the yields dase with increasing ion fluence. The relative
calculated yields (in mol/100 eV) for PS aB&éH,) = 0.033,G(C;H;) = 0.008,G(CeHs) =
0.00048, for BMS - G(H,) = 0.028,G(C;H2) = 0.008,G(CgHg) = 0.00064.
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b)

c)

Figure 7.1 Phenyl ring degradation and molecule emission uridkeV Af ion bombardment
for PS and RMS. (a) XPS data for the-p* shake-up satellite vs. ion fluence. (b) Relative
chemical yield of ¢Hs (benzene molecule) vs. ion fluen¢®). Relative chemical yields of

molecules emitted from PS (solid symbols) aatB (open symbols).
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Molecules of higher masses, such as %H(CH,), 104 (GHg, monomer of PS), 118
(CoH10, monomer of BMS), observed by secondary ion mass spectrometrgds 82], were
not detected for PS. High mass species, i.e., winoleomers, appeared for a very short time
in the mass spectra whera®S was irradiated. The maximum fluence at whichséhe
molecules were detected was 16m?.

As smaller molecules are removed at higher rates, reduction in the shake-up
satellite cannot be only due to the desorptiorheflienzene molecule. A number of authors
[Calcagno 92, Delcorte 04, Chapiro 62] suggeststiaddreactions of free radicals and
hydrogen atoms with the aromatic ring leading ® ¢hange in the symmetry of the benzene
molecule. This was proposed for PS, but becausbeotimilar degradation behaviour such
statements can also be applied faiMs.

In the case of conventional ionizing irradiatiors B a polymer with predominant
formation of cross-links, while @&MS preferably degrades [Woods 94]. Indeext,
methylstyrene has higher sputter rate than PS etbéginning of the ion irradiation,
Figure6.5. However, in the steady-state regionsihdter rate for argon ion bombardment of
PaMS is close to that of PS (Table 6.1, Figure 6ady induced chemical changes as well as
desorption of particular molecules is very simitar both polymers. Usually, in order to
determine the yields for cross-linking and mainteh@ond scissions, the techniques based on
the measurements of the molecular mass of theiatext polymer after dissolution in a
suitable solvent are used. Such techniques araedpplhen the whole polymer film is
modified uniformly. However, the ion range of 1 ké¥" ions in polymers is only about 5-6
nm [Delcorte 01, Occhiello 90, Biersak 87], and tiest (~ 90 %) of the film remains
unchanged making conventional techniques not agipkc

To understand the evolution in the polymer struetuear the surface after irradiation
of the films with low energy ions, the dependentéhe surface glass transition temperature,
Tys [Zaporojtchenko 01, Erichsen 04] on the ion fleemvas measured. It is expected, that if
a polymer is a degrading on&s should decrease or remain unchanged for increasimg
fluence as chain scissions reduces the averagecuofaeweight of the polymer. If the
polymer preferably forms cross-links during irratha, the increase in the molecular weight
due to cross-linked chains leads to an increasieeiglass transition temperature. Figure 6.20
shows the changes in the measured surfgetor PS and BMS treated with different ions
with an energy of 1 keV. Thgy for PS increases monotonically with exposure,the.chain

mobility near the surface is reduced compared ¢optblymer bulk due to the formed cross-
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links. The degree of cross-linking, was calculated for PS treated with®Aons applying
Equation 6.3. The calculated results are givehénTtable 6.3.

The value foix increased from ~ 2 % for an argon ion fluence @f £m? up to» 20
% for 5° 10" cm? [Zekonyte 03]. Using this value and taking intoc@unt that the
penetration depth of the 1keV Alons are» 5 nm [Delcorte 01, Occhiello 90, Biersak 87],
one can estimate the chemical yield of cross-ligk®(X). For 1 keV energy Ar ion
bombardment, one obtains a value &(X) = 0.3, which is approximately 10 times higher
than forg irradiation [Calcagno 92]. This higher chemicatlgii for low energy ions versus
gamma rays is associated with the correspondingevaf the ion energy loss and to the
distribution of ionization along the ion track. @re other hand, the difference in the absolute
value of G(X) betweeng irradiation and ion irradiation does not change general tendency
in the ratio between cross-linking and scissiorcesses for polymers that were founddar
electron irradiation [Calcagno 92]. Embedding of Aanoparticles into PS samples treated
with an ion fluence of I8 cm® was not observed, at least in the examined terhpereange
(up to 473 K). The embedding could occur at higleenperatures, or the density of cross-
links formed is too high leading to the broadenifighe transition region [Young 91].

It is difficult to determine the actual mechanisinthe radiation cross-linking of PS
due to the great variety of reactions which caprinciple take place in this polymer. Because
of the fact that the yield of cross-linking is heghthan the chemical yield of hydrogen
evolution, some authors conclude that additiontieas of free radicals and fatoms take
place on the aromatic nucleus and consequentlythiegbhenyl ring is involved in the cross-
linking process [Chapiro 62, Woods 94, Calcagno. 92le possible mechanism of cross-
linking for PS is schematically presented in Figdr2. PS irradiation with noble gas ions,
such as argon, helium, etc., or protogsor X-rays, results in C-H bond rupture in the
aromatic ring [Feldman 94, , Zezin 94, MacCallum B@nos 94, Woods 94] and formation
of a radicalA, Scheme I. Such radicals may be stabilized byn@soe phenomena, called
benzylic carbocation [Atkins 02], and result in tleemation of the benzyl-type radic8
Scheme Il. When radical& and B combine, cross-linking occurs. Possible formatain
cross-links by the combination of benzyl-type rathcis also confirmed by XPS where the
intensity of the shake-up satellite is reduced whthion fluence (Figure 7.1(a)) as new bonds
produce the change in the symmetry of the phemg.rThe loss of the satellite intensity
shows that the phenyl ring is a preferred attatk nder ion irradiation. Schematic diagrams
given in Figure 7.2 show reactions that may ocauhe polymer bulk or in the surface layer
when a polymer is placed in ultra high vacuum ctads and no reactions with other species
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can take place. It should not be forgotten, thgiger was detected in the outer most surface
layer (1 - 2 nm) after argon irradiation. Evenhé&trecorded concentration is very low, some
oxygen is incorporated. Possible oxygen reactidhvpays are presented in Figure 7.7 and a

detailed discussion is given in Section 7.1.2.

Scheme |

Scheme Il

Scheme llI

Figure 7.2 Radical formation mechanisms in irradiated PS.
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The decrease in thep* intensity does not necessarily indicate the fdraraof cross-
links by the ring. Aromatic polymers are known te the most stable polymers due to the
phenyl ring in whichp electrons are delocalized over six carbon atomdn02]. The
presence of the ring enhances the radiation dtabilimaterials rather than an increase in the
cross-linking efficiency [Feldman 94], as the yialfl cross-linking for PS is rather small
compared to the yields of other polymers (Table 3dction 7.1.4). It was shown, that only
monomeric radical cations produce the benzyl typdical which later may cause cross-
linking in PS [Feldman 94, Zezin 94]. With increasiradiation dose, cyclohexadienyl
radicals are formed by adding hydrogen in the pasition of the phenyl ring [Delcorte 04]
(see Scheme lll in Figure 7.2), which also chartbessymmetry in the benzene molecule and
may be engaged in chemical reactions [Feldman 8&agno 92, Zezin 94], including bond
scission and rearrangements.

The Tgs measurements for pob-methylstyrene showed a different tendency
compared to the results for PS, Figure 6.20. Thgpé&zature change between untreated and
treated polymer surface is about 2 - 4 K, and thiference remains almost constant for
different modification gased.ys measurements foraS were done up to an ion fluence of
10" cm? (at this fluence no embedding of Au was observettié case of PS). At even higher
fluences, nanoclusters also did not sink in indS. This may be due to the formation of a
small cross-linked layer, or that the density otleucentres was so high and the distance
between them was so close that gold clusters amaliesming large islands resulting in a
large shift in temperature at which metal clusertbeds [Erichsen 04b]. As a small change
in embedding temperature was detected, the cagcltabss-linking density for argon treated
polymers up to an ion fluence of ¥@m? is about 1 — 2.4 %. These values are much lower
compared to those obtained for PS (Table 6.3), sigpthe accumulation of low molecular
weight species on the polymer surface.

The quarternary carbon atom does not allow radigtation along the polymer chain
resulting in the chain scission. Radicals formed lmynd scission tend to dissociate,
disproportionately, or react with a low-moleculagight radical. RMS under the irradiation
which dissociates into a macroradical and carbooathat later will result in hydrogen
abstraction, or loss of a molecule of monomer [W&®&d]. Chain scission results in the
formation of monomers, dimmers, etc. with the agermolecular weight is smaller than that
for the pristine polymer sample resulting in an@tnconstant glass transition temperature for
low ion fluences, see Figure 6.20. After prolondemmbardment the number of induced

radicals increases. If these appear in the sameqooas for PS (Scheme I, Figure 7.2), these
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can be resonance-stabilized resulting in an unaeduposition in the phenyl ring where
cyclohexadienyl radicals may be formed. The reducin the shake-up satellite intensity
observed with XPS confirms this possibility.

In the ion fluence range of 1o 7 x 18* cm?, in which main chemical changes take
place in PS and @&MS under Af ion bombardment the removal rate of these polymers
decreases, see Figures 6.3—6.5. It would be exp#dwde polymers with preferred degradation
by main chain scission, will be sputtered muchefiaitan cross-linking polymers, because of
the formation of small mass products that can deswre easily. In this caseaMS should
be removed much faster than PS. Indeed peigethylstyrene has a higher sputter rate, but
only at the beginning of argon ion bombardment,uF@g6.5. At prolonged irradiation
beginning at an ion fluence of f0cm? the pristine polymer surfaces are completely
modified and the rates become almost similar.

XPS analysis showed faster decomposition of thenyéng for a- methylstyrene in
the fluence range of 3d— 5 x 13* cm?, Figure 7.1(a), which was also confirmed by mass
spectra as the yield of the benzene molecule &1 ® was somewhat higher compared to the
yield for PS, Figure 7.1(b). Note that the diffezerwas observed exactly in the fluence range
where the sputter rate is decreasing. Howeveryitid of the ring emission was much lower
compared to the yields of hydrogen and acetylenielwdre the largest fraction of the small
fragments, Figure 7.1(c), and these molecules wareved faster from PS. From another
point of view, our mass spectrometer had not detkotolecules having masses higher than
78 m/e (GHg) when PS was sputtered with argon ions. Molecdiramic simulations
[Delcorte 00, Delcorte 04] showed that emissiorP& molecules leave the surface with a
rather high internal energy (0 — 40 eV). Desorbamdgd styrene molecules are expected to
decompose into fragments before reaching the aetézding to the higher yields of small
molecules. In contrast to PS, the mass spectrordetected largedMS fragments for very
low ion fluences (up to 2 x bcm®). Molecules with masses of 91 m/e (£€sHs), 103 m/e
(CH2-CgHs) and 118 m/e (CHC,H3-CeHs, PAMS monomer) were recorded. The emission
of large fragments may be the reason for highettspuate at the beginning of the ion
bombardment. Above the fluence of"16m?, the fragmentation of large molecules desorbed

from a-methylstyrene is not excluded as only small spgewiere recorded.
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7.1.1.2 Polymethylmethacrylate and polymethylacrylte

Polymethylmethacrylate and polymethylacrylate wareyl-type polymers containing
oxygen in their chemical structure (Table 5.1). éwcling to conventional radiochemistry
PMMA preferably degrades by main chain scissionlevitMA undergoes cross-linking
(Table 7.1, Section 7.1.4). The sputter rates @$e¢hpolymers differ only up to an ion fluence
of about 1&° cmi? with PMMA having a higher rate (Figure 6.13 (bafigure 7.3 (a)), but
the total sputter rate at an *Aion fluence of 5 10 cm? is about 1.5 nm/min for both
polymers.

The main chemical changes that take place in thiemeof decreasing rate are related
to the oxygen loss (Figure 7.3 (b)), which for bgibtlymers takes place at the same rate.
However, a difference was observed in the developnoé some characteristic carbon
features (Figure 7.3 (c)). The fitting of thesedtional groups is given for PMMA in Figure
6.18 (a-b). The data fitting was also done for PMAd the same features were fitted. The
difference is the ratio of these groups as no niéshgresent in the PMA chemical structure.
In order to make the results comparable, the iftens carbon features had to be normalized.

The most characteristic C-O-C=0 feature (markedwssber 4 in the Figure 6.18 (a))
for PMMA and PMA seems to develop at different satéor these polymers.
Polymethylmethacrylate loses this particular fumeél group faster than methylacrylate,
because of the formation of less stable free régliwhich prefer this group to be removed
[Todd 60, Woods 94]. The C-C carbon feature remegrstant up to an ion fluence of'40
cm?, after which the area of the envelope increasiesi(€ 7.3 (c)). This feature indicates the
formation of a carbon rich polymer surface withlditoxygen remaining. However, small
amounts of the functional group marked with the ham2 in the Figure 6.18 (a-b) may
overlap with the broad C-C peak, resulting in dugér area.

XPS analysis of PMA showed slower removal of th©<C=0 feature (Figure 7.3
(c)), but faster degradation of C-O-C groups wHezds to a similar loss of oxygen for both
polymers. The increase in the number of C-C bond$MA was rather slow, and it was not
possible to fit feature 2 only at an ion fluencel6f® cmi®. The slower development of some
features and faster degradation of other ones, shaw that these groups take part in the
cross-linking reactions, as the removal of sidaigsois not an essential feature in the polymer
cross-linking [Todd 60]. It was suggested that toeipling of two polymer chains in the
irradiated polyacrylates occurs via the abstractibmthe a-hydrogen of the side chains and

subsequent combination of the polymer free radidalsld 60, Chapiro 62].
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b)

c)
Figure 7.3 Oxygen degradation and molecule emission unden1A@ ion bombardment for
PMMA and PMA. (a) Differential sputter rate as anétion of the ion fluence. (b) XPS data of
O vs. ion fluence. (c) Variations of C-C and C-O-CH€atures (Figure 6.18 (a-b)) under ion

irradiation.
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Mass spectrum analysis of the residual gas was ddme PMMA and PMA were
irradiated with argon ions. No methylmethacrylaten@thylacrylate monomers were detected
in the mass analysis. The large fraction ¢f 6O and CQ@ molecules detected resulted from
the fragmentation of -COOGHIFragala 98, Todd 60], proving that the ester pemdgroup is

the primarily attacked site.

Scheme |

Scheme I

Scheme Il

Figure 7.4Degradation mechanisms in PMMA.

In the case of degrading polymers, it is assurhatl the liberation of side groups is
directly associated with main-chain scission [Té@4l Figure 7.4 shows possible degradation
mechanisms for PMMA as proposed by a number ofeatees [Todd 60, Woods 94, Chapiro
62, Gupta 80]. A free radical (A) (Scheme I) isni@d by removal of a secondary hydrogen
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atom. The radical (A) is too large to react withotlrer radical of its kind resulting in
decomposition resulting in an unsaturated polynmaircend (B) and another free radical (C),
Scheme Il. Radical (C) is less stable than radidaland so it may react in different ways
[Todd 60], where the most probable results in theration of &COOCH; radical (Scheme
[ll). There is also the possibility that radical)(@llows internal rearrangements to give a
double bond and remove methyl radical. On the ottzerd, different mass spectrographic
studies of the volatile products of PMMA have irated that the Ckgroups remain attached
to the main chain [Todd 60, Lehockey 88].

Another proposed mechanism for PMMA degradatiothes abstraction of the ester
group occurring first [Lechokey 88]. This destat® the main chain resulting in its cleavage.
The abstraction of one COOGHroup leads to the one backbone bond scission.

The decrease in the sputter rate is accompanigtieoynduced chemical changes in
PMMA and PMA. The changes mostly involve loss ofgen and formation of carbon rich
polymer surfaces. As carbon is the element withldheest sputter yield, the final removal
rate of polymers is much lower compared to thaahine. The cross-linking reactions are
believed to reduce the polymer removal, like in¢hee of PMA. PMMA undergoes preferred
chain scission. However, cross-linking of PMMA tagh the recombination of free radicals
formed by hydrogen abstraction [Chapiro 62] carbeexcluded, as some reports on PMMA
network formation were published [Chapiro 62, Cglea 92, Lechokey 88], as well as a
small increase in the surface glass transition egatpre was measured, Figure 6.20.

7.1.1.3 Polyacrylonitrile and polymethacrylonitrile

Polyacrilonitrile and polymethacrylonitrile belon the group of polymers that
contain nitrogen in their chains (Table 5.1). Failog conventional radiochemistry and
proposed empirical rules, PAN preferably crossdirdnd the polymer containing @groups
in thea-substituted carbon, undergoes chain scission éTall, Section 7.1.4).

Chemical changes that occur in the region of sputite reduction (Figure 6.13 (b))
are related mainly to nitrogen elimination andfearrangements (Figure 7.5 (a)). During the
argon ion bombardment up to 60 % of nitrogen wasored from the polymer surfaces. In
the case of polyacrylates (Figure 7.5 (b)), theaemhrate of nitrogen is similar to the ones
for PMAN and PAN. However, the 9@l feature is eliminated faster for methacrilongril
(Figure 7.5 (b)). This can be explained in the savag as for PMMA, if an unstable radical
of the kind of*CH,-CCH;CN (similar to the free radical for PMMA, Figure47.Schemes Il

and Ill) is formed, the side chain group?ICis preferentially removed.
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b)

C)

Figure 7.5Nitrogen degradation and molecule emission undee\ Af ion bombardment for
PAN and PMAN(a) XPS data of Ndegradation vs. ion fluence. (b) Variation of H@&°N

feature under ion irradiation. (drelative chemical yields of molecules emitted.
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Mass spectra analysis confirmed the®NC group removal, which reacted with
eliminated hydrogen atoms to form large fractiohsgdrogen cyanide (HCN), Figure 7.5
(c). CN and HCN, as well as nitrogen, decreaseA thi¢ irradiation up to an ion fluence of 3
— 4" 10" cmi?, which is approximately the same as detected ¥iR5.

A most interesting effect was observed for the bgdn removal. According to the
residual gas analysis, the amount ofdécreased up to an ion fluence of*1@m? for both
polymers and then started to increase, even ifadizgion of CN or pure nitrogen reached the
steady-state region. The reason could be the regenaents of —“€N side groups to —C=N
conjugated sequences resulting in polymer cycbrnatas observed for thermal degradation of
PMAN and PAN [McNeill 89]. The gaseous productsedétd in the mass spectrometer are
not the result of the cyclization. These are forrhgdhe splitting of side or end groups. The
conversion of nitrile groups into conjugated bonslas also observed when PAN was
irradiated with various species at high energi@afif®5]. The C-H peak, detected with FTIR,
decreased with increasing fluence as formation@fN- bonds increased [Pivin 95]. The
elimination of C-H bonds confirmed the degradatodrH, molecules rather than reaction of
hydrogen with other emitted species. On the othandh according to the proposed
mechanisms of cross-linking [Todd 60, Woods 94, nesay 60], the rupture of C-H bonds
preferably leads to the formation of networks tlgtouhe combination of the polymer free

radicals. Breaking of such bonds will always resulhe emission of hydrogen.

7.1.2 Polymer degradation under nitrogen and oxygeions

A polymer is said to be etched if it is bombarddathwitrogen, oxygen or other ions
obtained from reactive gases. Sputter or etchreselts for PS, ®#S and PMMA under 1
keV N," and Q" ion irradiation are given in Figures 6.3-6.5. Teenoval rates of polymers
obtained for nitrogen or oxygen ions show the sa@gendence on the ion fluence as for
sputtering with argon ions: the rate decreaseupéd point where a steady-state region of
polymer sputtering starts. Polymers bombarded wittogen are etched almost at the same
rate as with argon ions, while sputtering with osggesults in the fastest polymer removal.
Additional to the surface sputtering, reactionshwiN, or O, take place in the irradiated
polymer layer. As a result carbon nitrogen or carlaxygen groups are formed, or old
functionalities are reorganized, see Figures 61 @18 for PS and PMMA, respectively.
The decrease in the rate is observed up to anliende of 5 10" cm® for PS and BMS
and 10° cm? for PMMA. These are the fluence ranges where mhamical changes occur

through the abstraction of hydrogen, but insteadrad chain radical reacting with another
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chain radical, oxygenation and/or nitrogen incogbion also take place [Moss 86, ldage 98,
Lianos 94].

For styrene polymers, amine (C-N) and imine (C=ctionalities are formed
initially when polymers are bombarded with nitrogeater, above an ion fluence of 510"
cm? C-N-C and N-C-N groups are detected, Figure 6-f)7(klere, like for argon treated
styrene polymers, a shake-up satellite, represgritie phenyl ring, loses its intensity at
prolonged ion irradiation suggesting that the imgne of the primary attack sites [Idage 98].
In the case of PMMA, not only carbon-nitrogen blsoanitrogen-oxygen functional groups
are formed, Figure 6.18(e-f). The intensity of oegygrecorded with XPS, decreased as the
amount of nitrogen increased, finally resultingnore N than Q on the film surface, Figure
6.14 (d). The rate at which oxygen was removed ftbensurface was the same as obtained
for argon ion bombardment.

The removal rate of polymers for oxygen bombardmeas observed to be the largest
for any ion beam or plasma etching [Gokan 83, M&&sEggito 90]. So called “oxidative
degradation” is added to the radiation chemicah&/fChapiro 88] which is the reason of the
degradation events in polymers which normally cilogs One of the primary processes of
radical formation is the abstraction of hydrogenHrgaking of C-H bonds. The chemical

reactions take place between the molecular oxyged free radicals resulting in

peroxyradicals (CO® (reaction (7.1a)) that in reaction with hydrogsan be stabilized by

the formation of hydroperoxide (CHOO) and a newiqaldsite that participates in further

reactions (7.1b), [Moss 86, Eggito 90, Lianos %hen an alkoxy radical (C®is formed,

there is large probability that chain cleavage take place (7.1c).

R-CXC-R+Q® R-COO%-C-R (7.1a)
R—-CO® C-R+ RH® R-COOH-C-R RX (7.1b)
R-COOH-C-®R-COX-C-R+HX (7.1c)

R-C=0+-R
(1) (1)
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Cleavage product (I) (in Equation 7.1c) is stalbbel aequires further attack on the
chain before any volatile products are formed. Bald(ll) should unzip along the whole
chain, or if the unzipping reaction is not possiltkee radical will react with another oxygen
molecule leading to further reactions [Moss 861hE polymer is already fully oxidized, new
oxidation pathways are initiated on formerly oxelizsites forming acids, esters or carbonate
features, or inducing further chain decompositiaarjos 94].

There are several mechanisms for oxidation thatalam place in PMMA, since there
are several potential sites for C-H bond ruptureie @f the mechanisms of oxidative
degradation for PMMA is schematically presentedFigure 7.6. When a CQadical is
formed through the abstraction of OH from hydropéte, auto-oxidative cleavage of the
main chain occurs with stable structure (I) andaa@d|l). The radical (1) will degrade by an
unzipping and depolymerization step [Egitto 90, B18§]. If additional unstable radicals are
formed, they undergo alternative reactions morelingdorming volatile products that are
desorbed from the polymer. It should be noted, ®PBIMA under Q" irradiation loses
carbon-oxygen functionalities at lower rates compato argon and nitrogen treatments,
Figure 6.14(d), indicating that some bond reorgation takes place, Figure 6.18(c-d). The
rearrangements were observed to occur above affuiemce of 16° cmi?, where the PMMA
sputter rate was in the steady state regime andCife ratio remained constant, Figure
6.14(b). The intra- and inter molecular reorganarat may also take place in
polymethylmethacrylate, forming cycles or additibnesaturated carbon-oxygen (mostly
C=0 type) functional groups as proposed by Liarniad.¢Lianos 94].

PS does not contain oxygen in its initial polymieucture, therefore surface oxidation
takes place at the beginning of the polymer irraaiia Oxidation is very likely to result at the
tertiary carbon after the removal of the hydrogeama Figure 7.7 (Scheme 1). Chain

fragmentation occurs because of theX@&lical. Stable structure () requires additicatdhck

on the chain to form volatile products resultingsiputtering of the polymer. Radical (ll)
cannot unzip, but reacts with molecular oxygen ilegdo the formation of another stable
structure.

The radical formed at the tertiary carbon after thpture of the C-H bond can be
stabilized by the radical resonance phenomena,r&igu/ (Scheme Il). The radical that
moved to the phenyl ring may react with oxygen afigr intermolecular reorganization
stable structures containing oxygen in the aromatit may be formed [Lianos 94, Moss 86].
The existence of the oxygen reactions with the Rfnatic rings is supported by AR-XPS
spectra, Figure 7.8. The figure demonstrates thenaltzed ratios of the shake-up/C1s (solid
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symbols) and O1s/C1s (open symbols) ratios of tR& Knes vs. take-off angle for different
O," ion fluences. Degradation of the aromatic ringtstat the outer-most polymer surface
layer (take-off angle 50-75°), while at the sammetifirst carbon-oxygen functional groups
are formed on top of the surface. It is very prdbdbat thep-p* satellite loses its intensity
most probably because of the change in the ringnsstny due to the reactions including
oxidation and cross-linking. The oxygen incorparatat the ring sites was also demonstrated
by a number of authors [Lianos 94, France 98, SKB&jd Shard and Badyal [Shard 92]
concluded that C-O linkages originated from aliphaarbon components, while unsaturated
carbon-oxygen functionalities (C=0, O-C=0) resulfeam the oxygen reaction with the

phenyl ring.

Figure 7.6 Oxidative degradation of PMMA, [Moss 86, Eggitq Bianos 94].
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Scheme |

Scheme Il

Figure 7.7 Oxidative degradation of PS, [Moss 86, Eggitol9@nos 94].
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Figure 7.8 Normalized ratios of shake-up/Cls (solid symbols)l ©®1s/C1ls (open symbols)
ratios in XPS lines vs. take-off angle for différ@" ion fluences.

PaMS preferably undergoing chain scission should alsgrade by oxidation as
PMMA does. However, the aromatic unit present ia golymer protectsa-styrene from
degradation by absorption of the energy initialhansferred onto the whole polymer
molecule. Reaction of oxygen with the phenyl riegalso likely as th@-p* intensity of the
shake-up satellite decreased with increasing oxygerent, and carbon-oxygen functional
groups similar to those fitted for PS (Figure 6.Wéye obtained.

Comparing the sputter rate obtained for differemmtsi it is noted that polymers
bombarded by nitrogen are removed at rates clogbase obtained for argon sputtering,
Figures 6.3 - 6.5. Nitrogen incorporation into pobrs makes the polymer surfaces rather
stable and less susceptible to surface reorganizfiiage 98, Gerenser 93]. Also, cross-link
formation in the N irradiated polymers cannot be excluded as an aseran surfacdys
(Table 6.3) was observed. Oxygen, on the other haddces oxidative degradation leading
to enhanced chain scission in addition to the cbahmnodification. Inter- and intramolecular

reorganization [Lianos 94] results in unstable pady surfaces that may lead to the formation
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of volatile products. Additionally, oxygen is high¢lectronegative as compared to argon and

nitrogen which makes it suitable for use in fadypwr degradation.

7.1.3 Influence of the sample temperature on polymeblation

When ions interact with a polymers surface, certdiain bonds are broken resulting
in abstraction of small molecular fragments, reactf free radicals with reactive species,
macroradical formation which later can decomposeniiog stable structures and other
radicals. The schematic diagrams of polymer decaitipa under ion irradiation given in
Figures 7.2, 7.4, 7.6, 7.7 are rather similar toséhproposed for thermal degradation of
polymers [Tsuge 97, McNeill 89]. In order to undargl what mechanisms occur during ion
bombardment of polymer surfaces, the ablation veds determined as a function of the
sample temperature.

Polymers that preferably cross-link or degrade wsekected to demonstrate the
influence of the substrate temperature on the eputite of organic films. The rate
dependence on the sample temperature was showigurers.10 for PS andaMS. Where
polystyrene sputters at a constant rate up to 4@0&<polya-methylstyrene film is sputtered
faster with increasing temperature. However, theléacy of the sputter rate at elevated
temperatures remained the same as observed attengperature, i.e. the rate decreases with
increasing ion fluence until a steady state regsmeached, as reflected from the variation of
the intensity of emitted species, Figure 6.11.

PS and BMS undergo depolymerization (reactions that indtive reduction of
macromolecular size without changing the chemicahposition or altering the monomer
unit structure) due to a conventional thermal dgmosition process. Only,aMS degrades
by chain end scission resulting in about 100% marofarmation. For this polymer, no
hydrogen transfer reactions take place and, hamtapping or depropagation occurs. PS
undergoes random chain scission, chain end imtaintramolecular hydrogen transfer, and
bimolecular termination resulting in a lower monamgeld (~ 40 %) together with the
degradation products which are a mixture of satdratnd unsaturated molecules, mostly
dimers and trimers [McNeill 89, Peterson 01].

When polymer films were heated only, Figure 7.9¢@me small mass molecules of
PS were detected above 520 K, which included fragsnkke hydrogen, ¢Hs, and phenyl
rings. Monomers of the PS molecule were not deteoter the whole heating range (up to
573 K). Actually, main degradation products likemomers, dimers, trimers and toluene are
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formed above 573 K [McNeill 89].&MS starts to decompose already above 230 °C (503 K)
which is close to the temperature (523 K) obsefweadonventional pyrolysis [McNeill 89].
The mass spectrometer recorded the same volatdeupts as for PS including-
methylstyrene monomers. Mass analysis of some mieledor polymers that were sputtered
with 1 keV Ar" ions at defined temperatures is shown in Figurg$,.12. Graphics (b) and
(c) in the Figure 7.9 compare the phenyl ring armhomer evolution recorded for thermal
treatment only and sputtering done at elevated ¢eatpres.

Argon ion beam sputtering of PS in the temperatarge of 300 — 460 K does not
produce large yields of volatile products. It waserved that the emission of large molecules
(51, 77, 91 m/e) increased by 40 %, while the ymfidgmaller molecules decreased by the
same amount. Nevertheless, the total change ierttitted molecule yields remained constant
in this temperature range, and so no change irspiéter rate of PS was observed up to a
temperature of 460 K, above which the rate incredsethree times, Figure 6.10. At this
temperature, the yields of the emitted large madéscincreased and were detected for higher
fluences, compared with the time measured at lo@maperatures, Figure 6.11 (a-b). It should
be noted, that ion bombardment of heated sampleslted in monomer desorption at
temperatures above 403 K, while in conventionablygis monomers are formed above 573
K [McNeill 89, Schnabel 81].

When an ion impacts onto the polymer surface, gnesgleposited within a small
volume. As a result, this volume becomes energaretihas some local temperature\What
is the influence of the local temperature raisedhgyion interaction with the surface on the
sputter rate of the polymer? The obtained resultgysst that the local temperature is not
higher than the thermal degradation temperaturéhefpolymer, as the intensities of the
emitted species at room temperature are not hidjaer the fragment intensities obtained for
thermal degradation. If the ion induced temperatwes much higher than the thermal
degradation temperature, there would be no inflaerfcelevated substrate temperatures on
the ablation rate, as well as no influence of tireghemistry on the removal rate. When the
polymer is heated and bombarded with ions, we asdhiat the local temperature has some

influence on the polymer degradation.
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b) c)

d) e)
Figure 7.9 Residual gas mass analysis of the molecule ewalats a function of temperature
for PS and RMS. (a) Molecule emission from heated polymer fil@smparison of phenyl
ring and monomer intensities for heated and speatidb) PS and (c) #MS. The ratios of the
characteristic mass peaks as a function of the samepnperature for heated and sputtered (d)

PS and (e) BMS. Sputtered mass spectra were taken at an iendeiof 1&° cmi?.
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The intensities of the desorbed species increaseth whe polymers were sputtered at
elevated temperatures. However, the detected mekcunder the ion bombardment
conditions are emitted at the same ratio as thisaireed for pure heating in the case of
PaMS, Figure 7.9(e). This suggests that polymer d#ggran mechanisms during sputtering
are similar to those observed for thermal degradatin the case of PS, Figure 7.9(d), the
mass ratio during sputtering is much larger tha tretermined during heating. It should be
remembered, that thermal degradation of PS stdmtwea573 K. And in our case, we
performed heating only up to 573 K. Therefore, cangon between characteristic mass
ratios cannot be done because of the missing data.

PS is a polymer with preferred cross-link formatidon irradiation breaks bonds
resulting in formation of radical, which at elevdteemperatures can easily participate in
reactions with one another forming cross-link netgo This happens faster than at room
temperature, due to the enhanced chain mobilityth@nother hand, it is believed that in PS
cross-linking takes place primarily via hydrogerstaféiction [Chapiro 62]. Mass analysis
showed an increase in hydrogen molecule emissido agemperature of 373 K, which is the
glass transition temperature of this polymer. Abdye the hydrogen intensity started to
decrease. The most probable explanation is thagrihanced network formation occurs in PS
sputtered at temperatures up to the glass tranditimperature. Above this temperature, the
viscosity of the polymer decreases, while the cihaatility and reaction rates increase. When
PS is sputtered at temperatures above 380 K, &aieals can not only combine with each
other forming cross-links, but also participateintra- or intermolecular hydrogen transfer
resulting in main-chain scission and formation cdanoradicals. With increasing sample
temperature, the cleavage of the backbone bondddslbocur more often, and termination,
disproportionation or recombination reactions staelsult in formation of monomers and/or
lower or higher mass volatile molecules leadinghe increase in the ablation rate of PS
above 470 K. As observed in the experiments, monofoemation starts at lower
temperatures compared to conventional pyrolysiss Ehattributed to the ion beam induced
depolymerization [Fragala 99].

When hydrogen at the tertiary carbon is substituigda methyl group, monomer
production is increased during thermal decompasitiot thermal stability is reduced. Figure
7.9(a) shows monomer emission fromNPS already above 510 K, while PS does not show
any styrene molecule formation during sample hgatim to 573 K. Argon ion bombardment
results in monomer emission at temperatures muldwbihe depolymerization temperature

(520 — 570 K) [McNeill 89]. BMS is the only polymer that degrades by monomeissioin
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even at room temperature [Woods 94]. However, thkl yf monomers is very low, and the
main degradation products are hydrogen and acetylevlecules, see Figure 7.1. Monomer
emission is enhanced by argon sputtering of heatedples. Below the surface glass
transition temperature (~400 K), the changes irytblel of thea-methylstyrene molecule and
the ablation rate are constant. Abokg, the sputter rate and molecule emission increases
constantly up to some saturation, which can bebated to the competition between
monomer desorbtion and diffusion inside the polyifieragala 99]. If it is considered that
thermal unzipping depolymerization o&AMS starts above 520 K, it is possible that the ion
beam induced low temperature depolymerizarion msilar to that observed for PMMA
[Fragala 98]. When a polymer chain is broken maaitimals are formed, end-chain initiation
involves the breaking or unzipping of small unitstlae end of the chain resulting in the

formation of monomers and radicals which furthgordpagate producing monomer units.

7.1.4 Sputter rate dependence on polymer chemistry

The discussion above concentrated on the dependadribe polymer sputtering rate
on the ion beam parameters and the sample temperdtbe removal rates of polymers
showed the same tendency when the rates were adabg a function of the ion beam
parameters. It was shown that the decrease in dhagnpr sputter rate is accompanied by
chemical rearrangements in the polymer structummiBardment with reactive gases like
oxygen induce oxidative degradation leading to tgputates higher than those obtained by
irradiation with argon or nitrogen ions. Howevehen the polymer chemistry is considered,
the behaviour of the polymer rates is more compgitas shown in the experiments for the
ablation rate dependence on the sample temperafilme.ablation rate of PS remained
constant with increasing sample temperature, WwPal®lS was sputtered faster when sample
was heated. Therefore, the sputter rate depenasnpelymer chemistry should be discussed
in detail.

lon bombardment induced chemical changes were siscuin some detail. In all
cases, rearrangement of polymer bonds, loss oratowm of characteristic carbon-oxygen or
carbon-nitrogen functional groups, molecular enoissichain degradation and cross-linking
took place in the ion fluence range of10 10° cm? (depending on the polymer and the ion
chemistry), where a decrease in the sputter rdtpslpmers is observed (Figures 6.5, 6.13).
Changes for every organic film occurred individyabut at the end surfaces became enriched
in carbon in the case of argon treatment, or coathiadditional oxygen or nitrogen. In any

case, only little memory of the original polymemnsture was left in the steady-state region.
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The results above showed that polymers of the dnoksisg type were sputtered
slower than those that preferably degrade by mih#rc scission. Cross-linking and
degradation are non-equilibrium processes thatgd#me structure of the polymer leading to
changes in the physical properties. Cross-linkiggngforms a linear polymer into a three-
dimensional molecule, resulting in an increase olecular mass, lower solubility in organic
solvents, and improved mechanical properties [W&HChapro 62]. Degradation results in
a decrease in molecular mass, and usually has ibppdfects on the physical properties.
Degradation and cross-linking occur simultaneously,the ratio of their rates depends on the
chemical structure of the polymer, its physicatestand the irradiation conditions. Generally,
polymers are divided into those that predominaottyss-link or undergo degradation under
the bombardment with energetic particles.

A general empirical rule was derived based on thentcal structures of polymers
given in the Figure 7.10. When the structure ofrg/lpolymer is such that each carbon atom
of the main chain caries at least one hydrogen aothR may be H or another atom or
group, the polymer cross-links, Figure 7.10 (a)isSlon preferentially takes place in
polymers having the structure shown in Figure 1d)) where R and R are any atom or
group but hydrogen. In this case, a tetra substitatarbon atom is present weakening the
bond of the backbone chain [Woods 94, Chapro 62].

a) b)

Figure 7.10 Chemical structures of vinyl polymers that predwanily (a) cross-link or (b)
degrade under ion bombardment.

The rule is not necessarily applicable to polymetose backbones contain atoms
other than carbon. As an example, polyisobutyleneCH,-C(CHs),-)n, and
polydimethylsiloxane, (-Si(Ck).O-),, have two side-chain methyl groups. However, under
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the irradiation only PIB predominantly degradesilevpolydimethylsiloxane prefers to cross-
link [Woods 94].

Following this rule and a number of literature [Vdso94, Taylor 80, Chapiro 62,
Charlesby 60, Fink 04, Charlesby 87, Schnabel @dllymers used in the experiments can be
divided into those that predominantly cross-linkl @hose that predominantly degrade, Table
7.1. An important quantitative characteristic ofliedion induced cross-linking or scissioning
is described by the chemical yields of cross-link§X), and degradation3(S), that are
defined as the number of cross-links or scissioespectively, formed per 100 eV of energy
absorbed. The values G(X) andG(S) for the polymers used are listed in the Takle Mote
that these are values for polymers irradiated gitbr X-rays at room temperature

According to the experimental observations it t@nconcluded that polymers with
preferred cross-link formation should have a lowputtering rate compared to the rates of
polymers that predominantly degrade under irragiatiThis is assumed since during
preferred chain scissioning molecules of small nassformed, and some of them can be
easily ejected. But cross-linking results in anr@ase in molecular weight which makes it
difficult to emit molecules that contain tens omdeeds of monomers. Comparing the results
presented in Figure 6.13 with the dominating prediesed in the Table 7.1, polymers having
a tetra-substituted carbon atomaf®S, PMAN, PMMA) are removed faster than those
having no additional methyl group (PS, PAN, PMAXdiional results are presented in the
Table 6.2 and repeated in Table 7.1 showing thflofi-dike polymers (PTFE, FEP, Teflon
AF) are sputtered with the largest rates and thes@olymers of the degrading type.

If polymers have a higher yield of chain scissigpithe sputter rate of such polymers
should increase with the chemical yield, while #hegth a higher cross-linking yield should
have lower rate. Comparing(S) values and experimental results for the spu#tr of the
four polymers that degrade under conventional iagizadiation, the sequence of increasing
removal rate is 8&MS ® PMAN® PMMA ® PIB® PTFE® Teflon AF. The correlation
agrees well with the values d@(S) with one exception. According to the given data
polymethylmethacrylate has a lower chemical yididiegradation compared to PMAN, but
the sputter rate under ion irradiation is higherRMMA, Table 7.1.
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Table 7.1 Experimental values for the total sputter rate adbbéd for 1 keV Ar ion
bombardment, chemical yields ofosslinking and degrading polymers calculated after

irradiation of ¢ or X-rays at room temperature, and monomer yiblgshermal degradation.

Polymer  Total sputter G(X), ® G(S),® Dominating  Monomer
rate ©, cross-links/ scissions/ process yield, ©
nm/min 100 eV 100 eV %

PS 0.30 0.02-0.2 0.01-0.02 cross-linking 42-45
PAN 1.04 0.59 2 5
PMA 1.53 0.5 2 0.7-2

BPA-PC @ 0.40 0.13-1.34  0.17-0.67 2 -

PMDA- 0.128 - - ? -

ODA ©

PBO © 0.072 - - ? -

Nylon 11 251 0.5-1.15 06-14 2 -

PaMS 0.59 0.25 degrading > 95
PMAN 1.22 <0.05 3.3-36 2 90
PMMA 1.56 0.03 11-26 2 91-98
PIB 1.59 28-5 2 20
PTFE 7.36 3-5 2 > 95
Teflon AF 18.57 3-5 2 > 95

(a) Experimental results for the total sputter réiken from Table 6.2.

(b) Values of the G(X) and G (S) are taken from¢@&94, Brandrup 99, Calcagno 92].

(c) Monomer yields by thermal degradation were taftem [Krevelen 90].

(d) No information of a dominating process was fibim the literature. But comparing the yield valuesoss-
linking should be preferred to chain scission.

(e) No information of chemical yield was foundhe titerature.
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In the case of cross-linking polymers, the corretatbetweenG(X) and the sputter
rate results is opposite than expected. PMA and PRAde rather high cross-linking yields
compared to polystyrene. But under ion bombardmist,has the lowest sputter rate and
PMA with PAN are removed much faster, Table 7.1 kiglire 6.13. BPA-PC and Nylon 11
have similar yields of cross-linking, and compatedther values given in the table may form
networks much faster. However, BPA-PC sputtersefastan PS, and nylon has the highest
removal rate of the investigated cross-linking padys. When the rates of groups of polymers
having a similar chemical structure are compareel téndency is the following: acrylates are
sputtered with the highest rate, then come acrirites and styrenes, which have the lowest
rate. This leads to the conclusion, that prefedegradation by main chain scission does not
necessarily leads to high sputter rates, as welindaced cross-linking does not make
polymer films more resistant to irradiation. Thtise correlation between sputter rates and
chemical yields can be applied only partially.

A partial correlation is observed between ion iafidn and thermal behaviour of the
polymers, Table 7.1. Those polymers of degradimpg tyave a high yield of monomers, and
so are expected to be sputtered faster, as showtheirprevious section 7.1.3 where the
ablation rate of BMS increases with increasing temperature, as ththyingroups are
responsible for the depropagation reactions fawmguichain degradation [Charlesby 60].
Polymers with preferred cross-linking have low gg&l of monomers for thermal
decomposition, because of thehydrogen that prefers transfer reactions leadingetwork
formation. The monomer yields of such polymers dase with increasinG(X) (Table 7.1).
Fluorine containing polymers, like FEP, PTFE andldre AF, are resistant to transfer
reactions [Krevelen 90]. Fluorine containing polysaindergo depolymerization of the
radicals to monomers resulting in high monomer dge[McNeill 89]. Nevertheless, the
correlation between sputter rates and monomer giigddnot self explaining. When the
comparison is done between the polymers of the sgnmgp, polymers of the cross-linking
type are sputtered slower. However, comparing eéxgertal sputter rates and monomer
yields of cross-linking polymers only, it was obsst, that the rates increased with
decreasing monomer yields. The polymers with preterchain scission have the same
monomer yield, even if Teflon-like polymers are $pred much faster than other ones.

Gokan et al. [Gokan83, Gokan 85] suggested an @apinule, which assumed that
the sputter rate of polymers is inversely proposioto the carbon content, as carbon is the
main element in metal free polymers and has thesvwemoval rate of all elements. Later it
was noticed, that polymers containing oxygen wergtered faster. Therefore, the statement
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was corrected including the contribution of oxyg&he authors have found, that the sputter
rates of polymers under argon or oxygen ion beaatriment linearly depend on thg/(Nc-
No) factor, whereNr is the total number of atoms in the monomer uditand N, are the
number of carbon and oxygen atoms in the monomier nespectively. If this dependence is
true, then N, or F atoms in the polymer structureusd not influence the rate, and the
chemical bond strength may not be important in @y removal, as was stated by the
authors.

Figure 7.11(a) shows the dependence of the polgmaiter rate on the factdl/(N.-
No) for polymers listed in Table 7.1, except PBO as¢bmplete chemical formula was not
known. The linear dependence is very weak. Polynvete the highest sputter rates,
according to the assumption and experimental dataireed by Gokan, should posses the
largest ratio. However, Nylon 11, and Teflon-likelymers are above the fitted line. On the
other hand, the rate values given in the figurecttained at an ion fluence above16m?.
In this region, polymers are already in the stestdye sputtering region. The chemical
structure of the virgin polymer surface is alteagd enriched with carbon, with little memory
of the pristine polymer. Taking this into accoustperimental values of the sputter rate (from
the Figure (a)) were plotted against the r&titN;, where number of carbon atoms was taken
from the monomer unit of the untreated polymer,ufég7.11(b). At this sputter stage, the
removal rate is inversely proportional to the carbmontent in a unit volume, for vinyl
polymers, PMDA-ODA and BPA-PC. Teflon AF, PTFE afEP having the highest sputter
rates, like in the previous figure, do not shovinedr dependence on the ratio. Their rates are
higher than expected from the law of linear depande

Experimental results presented in Table 7.1 wetaioéd for vapour deposited Teflon
AF (in the Figure 7.11 marked Teflon AF Organic films prepared by evaporation have
shorter chain lengths which may lead to faster &irom of small molecules that can be
emitted during ion bombardment. In order to comgheesputter rate results, a spin coated
fluorinated amorphous film (Teflon AFopen circle in figures (a) and (b)) was sputtered
under the same conditions. However, the sputteratfeflon AF does not differ too much
from that of evaporated Teflon AF, showing that th&in length does not influence the
polymer sputter rate.

If we plot the rate as a function &f/(N<-N,) for an ion fluence of 5 10" cm?,
where the surface chemistry is only moderately ghdnthe sputter rate is expected to show a
linear dependence. However, Figure 7.11(c) shovesger scattering also for polymers that

showed linear dependence for a high ion fluencgufiei 7.11(a)). The rate dependence on
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N1/N, ratio for ion fluence of 5 10" cm? shown in Figure 7.11(d) gives better agreement for
the proposed correlation. Nevertheless, our expmariatl results do not show a linear rate
dependence on the “effective” carbon content (‘#fe” means subtracting number of
oxygen atoms from the carbon atoms) in the polyasegood as it was observed by Gokan et
al. Some kind of linear enhancement vs. the dtid. was obtained for vinyl polymers and
aromatic ring containing polymers only in the steathte sputter regime, which is more
reasonable as the polymer surfaces at such iondégsebecome carbon rich with little fraction
of oxygen or nitrogen. However, the sputter rateSeaiflon-like polymers and Nylon are far
away from ideal cases. The conclusion stated byaGakat the chemical bond strength and
different functional groups containing oxygen, ogen or fluorine do not play a significant
role in the sputtering of polymer would not be tr@ur results show that there is a large
influence on the polymer removal rate dependingpolymer chemistry, as well as there

should be some effect of the weak and strong bonds.

b)
Figure 7.11
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d)

Figure 7.11 (continued)Sputter rate for 1 keV argon ion irradiation vs) @nd (c) N/(Nc-
No), and (b) and (d) NN, for the steady-state region (Table 7.1) and atamfluence of 5

10" cm? Teflon AE is prepared by vapour deposition, Teflon?A®pen circle) is spin

coated.

According to Taylor and Wolf [Taylor 80], the sparttrate determining step may be
either cleavage of a backbone or of a side-chaim lvehich is determined by the strength of
the bonds. Following this statement, strong bonds emhance the radiation stability of
polymers, weak ones enhance the degradation amhtacthe main chain leading to its
cleavage. The rate determining step for degradotgnpers is the cleavage of the main-chain
bonds, as a correlation between the sputter radetla yield of chain scission per 100 eV

absorbed energy was observed [Taylor 80]. The seaomeelation was observed in our
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experiments as was mentioned earlier in this chhgptble 7.1). If a polymer degrades by

main chain fracture, small molecules are formedhaitlarger probability which can be more

easily desorbed from the surface, as discussedealitnese molecules are usually removed
side groups that are formed through the interreramgements of larger radicals, like in the
case of PMMA, Figure 7.4.

The sputtering rates of investigated cross-linkptymers increased with the yield of
cross-link formationG(X), (Table 7.1), even if it was expected that paodys with higher
cross-linking formation yield should degrade slowkaylor and Wolf suggested that the rate
values should show some dependence on the strehgtle main-chain side-chain bonds. In
cross-linking vinyl polymers one side-chain has roggn, another one is connected to a
benzene (gHs), ester (RCOOR’) or nitrile (CN) group. Therefotbe bond dissociation
energies of side groups are similar, 4.4 eV for @rAd 3.4 — 3.9 eV for C-C bonds [Krevelen
90, Caottrell 58]. On the other hand, it was obsérbeat under ion bombardment, as weltjas
or X-ray irradiation, mostly tertiary and sometimegcondary hydrogen atoms are
predominantly released from polymers with a vinyusture [Todd 60]. The combination of
these radicals would produce cross-linking, or rtiin chain will be activated leading to
rupture of the backbone bonds forming neutral mdésc and radicals that can be further
decomposed or can participate in other reactiaks, énd-linking, hydrogen addition or
radical migration, etc. [Charlesby 91, Clough Hawever, it does not answer the question
why cross-linking polymers are sputtered fastentsame degrading ones. One of the most
important issues in polymer modification is theesahain groups that may weaken or enhance
the polymer stability against any kind of irradietti And the position of such groups, or to be
more precise, the position of the weak side charckbone bonds was shown to be important
[Taylor 80].

Aromatic rings are known to be the most effectiodymer stabilizers by absorbing
the excitation energy transferred to the polyme@isdpiro 62, Charlesby 60, Woods 94]. PS is
the polymer that has one of the low€gX) and at the same time one of the smallest sputte
rates. The main reason is attributed to the pheimg that adsorbs the energy initially
absorbed in the polymer. The transferred energifsigersed in several ways without simple
chemical reactions [Charlesby 91, Woods 94]. Additof hydrogen to the aromatic unit
through radical migration, as discussed abovegesltise vacancy not letting it participate in
other reactions. A similar effect is observed faS, which from all degrading polymers
has the lowest removal rate which is slightly higltean PS. Degradation by main-chain

scission reduces the average number of moleculédenfical molecular weight [Charlesby
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91], but does not necessarily mean that every isanissill form a molecule that can be
desorbed from the polymer surface. Even if the bank bonds of ®VS are broken the yield
of the gas evolution is rather low proving that gresence of the aromatic rings provide the
alternative pathways to bond scission for dissgpatof the absorbed radiation energy.
Bisphenol-A-polycarbonate has two rings in its moeo unit. However, under argon
irradiation it undergoes severe bond breakage gadi the desorption of short-chain species
with a rate close to styrene polymers. Weak O-G@nds attached to the main chain are the
primary attack site under the Abombardment [Gerenser 93]. The elimination of catb
oxygen functionalities and the formation of fredicals may cause further chain scission or
cross-linking. An aliphatic ¢Hglink is expected to serve as a site for radicattiea [Clough
91], but the rings protect the polymer from comgldegradation under ion bombardment.
PMDA-ODA and PBO have more than two aromatic rimggheir structure (Table 6.2) and
have the lowest sputter rates, showing that theepiee of rings protects polymers against
radiation degradation even if such elements likgger, nitrogen or even fluorine are present.
Nitrile and ester side groups present in the polysteictures lead to higher sputter
rates compared to aromatic polymers (Table 7.1urEig.13). PAN and PMAN contain
nitrile groups which promote the polymer stability deactivation of reactive species [Taylor
80, Helbert 80]. Because of the triple bond {NJ rearrangement to —C=Nthe possibility
of cyclization on adjacent side groups of the satren is not excluded [McNeill 89]. These
reactions result in polymers to be more or lesssta® to ion bombardment. In contrast to
nitrile polymers, ester groups in acrylates ardrabsed much faster leaving only about 10 %
of all oxygen on the surface (Figure 7.3(b)). Tlylouhe abstraction of oxygen containing
functional groups, the main chain is activated ilegdo bond scission and the formation of
small molecules that may be easily desorbed, avg@olymers of the cross-linking type such
as PMA. The addition of phenyl rings to the metlkte may reduce polymer degradation.
This was observed when a polystyrene-polymethylawthate block copolymer (PS-b-
PMMA, 70 % of PS and 30 % of PMMA) was sputteredlemthe same conditions as
respective to the homopolymers. The total rate oredsat an argon ion fluence of 310"
cm? for PMMA was 2.14 nm/min, for PS-b-PMMA — 1.27 mmih and for PS — 0.37
nm/min. It is obvious that the addition of the aadim units reduces the sputter rate by about
two times. On the other hand, when oxygen grougsaalded to the polymer, radiation
resistance becomes weaker and the rate can beoewohlay one order of magnitude, as in the

case of the PS homopolymer and PS-b-PMMA copolymer.
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The highest rates were observed for fluorine aoimg polymers, like Teflon AF,

PTFE and FEP. Teflon is known as the most ineryrpel towards heat, solvents and most
corrosive chemicals. However, when fluorinated pwys undergo radiation treatments, one
of the highest degradation yields is observed.ds wnentioned above that the C-F bond is
resistant to transfer reactions, and radicals golelepolymerization to monomers when
fluorine containing polymers are heated. Degradatimechanisms by monomer
depolymerization may also occur under ion irradmtias fluorine containing organic films
were successfully prepared by RF sputtering froRT&E target [Biederman 00, Schirman
05].

7.1.5 Summary and conclusions of sputtering phenomen of thermoplastic polymers

Various effects influencing the polymer sputtererainder low energy ion beam
irradiation were discussed is the sections. It sfasvn that the sputter rates of polymers have
a tendency to decrease with increasing ion fluefotlewed by a constant removal rate in the
steady-state region. The decrease is attributedet@whemical changes that occur in the ion
fluence range of ¥ — 13° cm? depending on the polymer chemistry and ion beam
parameters. Large differences in the sputter ratlifferent polymers are observed for very
low ion fluences where the main chemical modifizas take place. In the steady-state region,
surfaces of different polymers are enriched withboa or similar carbon-oxygen, carbon-
nitrogen functional groups leading to only smalifatiences in the removal rate. Chemical
changes involved structural rearrangements, reactivith different species, like oxygen
and/or nitrogen, double bond formation, cross-igkiand chain scissioning. It should be
noted that, the outer most surface layer undergesgions with the residual oxygen, present
in the vacuum chamber, even during treatment witjora gas. Therefore, post-chemical
reactions should be always taken into account, wdeading with irradiation of polymer
surfaces.

The tendency of the sputter rate as a functioommbeam parameters was the same for
all investigated polymers. However, when the polynceemistry was considered, the
behaviour of removal rates was more complicatedoelation between the sputter rates and
the chemical yields as well as monomer yields oleiunder thermal degradation was found
to be partial, and applicable to small groups df/pers. A suggestion made by Gokan et al.
that the sputter rates of polymers are inversetyp@rtional to the effective carbon content in
a unit volume showed good agreement only for vipglymers, polyimide, polycarbonate,

and to some extent Nylon.
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Experimental observations showed that the mainofadetermining the polymer
removal rates organic films are bombarded at roemperature is the polymer chemistry
when. Polymers containing aromatic rings were showiave the lowest removal rates,
because of the property of the ring to absorb trexgy initially absorbed by the polymer in
this way protecting it from degradation. Nitrogerfand oxygen containing polymers have
larger removal rates. This is because the absiraadf oxygen or nitrogen containing
functional groups activates the main chain leadntghe bond scission and the formation of
small molecules that may be easily desorbed. Italss shown that when aromatic rings are
added to polymers having high removal rates, th&stance of the polymer to ion
bombardment could be increased. Teflon-like polymerere shown to have the largest
sputter rates, because C-F bonds do not participatieinsfer reactions, leading to radical
depolymerization into monomers.

When polymers were sputtered at elevated tempestuhe observed rates were
influenced by the polymer’s tendency to cross-linkdegrade under the irradiation, and its
thermal degradation properties. Ablation rates $fdfd not change with increasing sample
temperature, and only above 470 K polymer degradaticreases. ForadMS ablation is
much faster when the sample is heated alreadyrgieiatures belowys Enhanced ablation
of poly-a-methylstyrene is attributed to the preferentiajrdelation by main chain scission
and the ability to form large yields of monomersemwhthe polymer is heated. lon beam
bombardment at elevated sample temperatures indyadgimer depolymerization at
temperatures much lower than it is observed in entiwwnal pyrolysis leading to fast
monomer emission and polymer degradation. In P&hpreferably cross-links and which’s
molecular yield is only 40 % under thermal degremtation beam induced depolymerization
occurred later compared toaMS, but still at lower temperatures than observed i
conventional pyrolysis.

The energy transfer in nuclear collisions may seffio move an atom from its initial
site, which later can cause other atoms to re@sulting in a collision cascade. Physical
sputtering through the collision cascade of rigiatenials is well understood. The question is,
if this theory can be applied to polymer sputtering

Experimental data, see Figure 6.8, showed thasphéter rate of polymers increases
with the ion energy in the range 0.5 — 5 keV. Hogrevhis energy region is not enough to
predict the tendency of the rate at higher incidemergies. Because of the experimental
limitations (5 keV is the maximum energy achievabith our ion gun), energy dependence

calculations were done using SRIM [Ziegler 03] (coencial code of TRIM). SRIM or TRIM
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codes provide accurate primary ion ranges, stoppavgers, the number of displaced atoms,
and are based on collision theories. In these lalons, the collision parameters of
subsequent collisions are treated as uncorrelaiedath other, only binary large angle
collisions are regarded. The “core and bond” apghrd®ection 3.1.1) is included to calculate
stopping powers in polymer solids [Fink 04]. TaBl® shows the results of the calculated
sputtering yields in atoms/ion and experimentaloeah rates in nm/min values as a function
of the Argon ion energy for PS and PMMA. In SRIMelg values are calculated for each
element present in the polymer separately. In #idetthere are given summed up yield
values. As can be seen from the data given in db&tthe differences in calculated and

experimental values are very small.

Table 7.2Sputtering yield (calculated using SRIM) and ekpental sputter rate results as a
function of the Argon ion energy for PS and PMM#&ident angle 0°.

lon energy, ke\ Sputter yield®, atoms/ion Total Sputter raf& nm/min
PS PMMA PS PMMA

0.5 0.148 0.222 0.159 0.353

1 0.29 0.424 0.284 0.458

3 0.592 0.779 0.476 0.822

0.876 1.027 0.754 1.353

a) In the SRIM program the yield is calculated sepely for each element present in the polymer,H.eC and
O. Yield data given in the table are summed up.

b) Experimental rate results are taken from Fig6r8.

Plotting the stopping power Edix) vs. the energy, the polymer sputter yield or rate
dependence on ion energy can be determined, Figa& Following the calculations, the
broad maximum in the polymer sputter yield shoutdobtained at about 10 keV. At higher
incident energies the decrease in the yield shfmlldw because of the dominant electronic
energy loss mechanism during which the projecemaves the electrons from the target
atoms, instead of dislodging the atoms [Mahan DBg experimental energy dependence was
shown by Delcorte et al. [Delcorte 99], who repdrtbe decrease in the vyield of large

molecular fragments of PET in the energy regionveeh 7 and 22 keV.
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SRIM calculations showed a disagreement in thetsputte dependence on the
projectile’s incident angle. According to the laéure and calculations the yield should
increase when changing the angle of incidence f&Bh to 80°. According to SRIM
calculations, for example, the sputter yield of PRINbr 1 keV argon ion bombardments
increases from 0.42 atoms/ion at an angle of imadef 0° to 2.19 atoms/ion at 60°. No such
dependence on the sputter rate of polymers wasazbén experiments, see Section 6.1.3.
Disagreements between SRIM calculations and exjetizh data were found for the cases
when sputtered with different kind of ions. Expegmal results show that irradiation with
oxygen induces oxidative degradation of polymessilteng in very high removal rates, while
the sputtering rate obtained for nitrogen or argms does not differ too much. In the SRIM,
no difference in the yield under argon, oxygen itnogen ion bombardment was calculated.
Finally, a very large disagreement between SRIMuwations and the experimental sputter
rate was found for the rate/yield determinationaasunction of the polymer chemistry.
Calculated yields of PMMA, PC, and Nylon were tlaeng. Experimental data showed, that
from all three polymers, PC was sputtered with [tveest rate, and Nylon with the highest

one.

Figure 7.12 Calculated nuclear and electronic stopping powess Argon projectile energy
for PMMA and PTFE, [Biersak 87, Ziegler 03].
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Experimental observations indicate that the calliscascade models are not able to
explain polymer sputter rate mechanisms, as welhatsthe TRIM (SRIM) code is not suited
to model the emission of molecules from polymers] éhat more complicated molecular
dynamics simulations are necessary. Recently, Btelemd Garrison [Delcorte 04] published
results based on MD simulations of molecular dasampgirom a PS solid under low energy
argon ion beam irradiation. The authors showed Iafe intact molecules ranging from
monomers to trimers are ejected from the polymeiasa, which later are decomposed into
smaller fragments. However, up to date the exidtegretical models (Section 3.2.2) cannot
explain the observed dependence of the rate orfluence, as well as the large difference
(one order of magnitude) in the rate values ato#gainning and in the steady-state region, as

well as the rate dependence on polymer chemistry.
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7.2 Polymer-metal interface formation and adhesiorafter low energy ion

beam irradiation

Metallized polymers are widely used for differemgphacations from packaging to
microelectronics. The metallization of polymerstwiioble metals is of interest in various
applications as well as from a fundamental pointiefv [Mittal 98, Mittal 01]. In such cases,
good adhesion between the polymer and the metalegsired. Weak metal-polymer
interactions due to the moderate activity of nabktals require a pre-treatment of one of the
surfaces (usually the polymer surface) [Schonh@&nBaglin 87, Kinloch 94] to improve the
metal/polymer adhesion.

The peel test results obtained after Cu or Au filnese peeled-off from treated and
untreated polymers are given in Figures 6.27 —.6[R%ee types of peel strength dependence
on the ion fluence were observed, as schematisalbyvn in Figure 7.13. For PS, BPA-PC
and PP, adhesion to metal was improved by two srdeEmagnitude, while the Cu film on
treated PMMA and &S was removed with the same force, i.e. no adhesithhancement
was observed. The results showed that there is aootonous correlation between the
treatment fluence and the peel strength. The obdemvaximum in the peel strength for PS
and BPA-PC was reached in the fluence range 'ofl8" to 10° cm? depending on the ion
chemistry and the polymer/metal interface (FiguBe®4, 6.27-6.29). A decrease in the
adhesion strength was recorded at higher ion feen8dhesion of Cu to PP reaches some
kind of saturation. In contrast to the resultstfog peel strength measured fdasmatreated
PP reported in the literature [Friedrich 00], noxmaum in strength followed by a decrease
was observed in our experiments, at least notdre#perimental ion fluence range.

Indirect measurements of the adhesion enhancenassdbon determination of the
condensation coefficient (Figures 6.23-6.26) andase tension (Figure 6.22) showed, that
with increasing ion fluence the polymer surfacergpéncreases (the contact angle decreases)
and all arriving metal atoms are adsorbed on thgnper surface, indicating that metal
adhesion on treated polymer improves. However, @ing these results with those obtained
by peel test measurements no correlation was failvedmaximum in peel strength occurred
before the saturation in condensation coefficiant an increase in the surface energy (low
contact angle) were reached in case of PS; for PMAWl RAMS, no enhancement in
adhesion after ion treatment was observed, everestlts showed an increase in the
adsorption probability and surface energy. OnlyRér a correlation was found, as the peel

strength increases and reaches saturation witleastrg ion fluence. To understand these
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phenomena, the mechanisms of adhesion enhancenmgen¢@uction, as well as dependence
of the adhesion on polymer chemistry had to beistld

Figure 7.13Typical peel strength dependence on ion fluenceiferent polymers treated

with oxygen ions.

7.2.1 Adhesion improvement through mechanical intdocking

Adhesion improvement between two surfaces was mquaby a number of theories
shortly mentioned in Section 2.2.3 and in detascdssed by [Fourche 95, Leeden 02,
Kinlock 94]. The influence of the attraction of eiestatic forces to the total work of
adhesion was shown to be very small and cannoaexphprovements in adhesion [Fourche
95, Garbassi 98]. The diffusion model is limitediis applicability, because the adherates
must be mutually soluble, and the macromoleculestrne mobile to be able to interdiffuse.
This theory is usually applied to explain the erdeah adhesion between two polymer
systems, but not so dissimilar systems like polyamer metal.

Mechanical adhesion or interlocking states thaaserroughness or porosity increases
the surface contact area leading to better adhekiowever, if there is no intimate contact
between the film and the substrate, the increaseghness will result in weaker adhesion due
to the uncoated areas of voids or vacancies indmiwhe two surfaces [Mittal 76, Kinloch
94], Figure 7.14.
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Changes in the surface roughness were negligiblenwdolymers were irradiated at
ion fluences in the region 10- 10" cm? where the maximum in the peel strength was
observed. The root-mean-squared and average rosglofdS, BMS and PMMA increase
by two, three times at an ion fluence oflém? and remained in the nanometer scale region,
Table 6.5. The small roughness enhancement shantichawve a large influence on the
polymer/metal adhesion, as the peel strength of RAvivid RRMS did not change and the
adhesion force for PS decreased after the maximdineston was reached, although the

roughness increased.

Figure 7.14Enhanced and diminished contact area between glreubstrate and adhesive.

Many authors agree that mechanical interlockinghad an adhesion mechanism
working at the macromolecular level [Kinloch 94,ufche 95, Leeden 02], and the increase
in adhesion is achieved only when a specific togply was obtained [Kinloch 94]. It is
believed that surface roughening is merely a te@innean to increase the adsorption or

wetting properties and to remove a contaminatigarla

7.2.2 Influence of induced chemical changes on métslymer adhesion

The most widely applicable theories of adhesiontlheeabsorption theories based on
surface wetting behaviour, chemical bonding, a@deband van der Waals interactions. The
theories state that the materials will adhere b&eaf the interatomic and intermolecular
forces which are established between the atomsrabecules in the surfaces of the adhesive
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and substrate provided that sufficiently intimatelesular contact is achieved at the interface
[Kinloch 94, Fourche 95, Leeden 02].

It was demonstrated, that the mechanisms of agina@si many different adhesive
joints involve only interfacial secondary forcesfvder Waals or hydrogen) [Kinloch 94 and
references therein]. However, it was shown thatrwbleemical bonds at the interface of
adhesive and substrate are formed, the adhesiceurfeaenergy (the energy required to
propagate a crack through a unit area of interfa@s higher than the thermodynamic work
of adhesion (the work required to separate a uad af a solid and a liquid phase forming an
interface) [Kinloch 94]. For calculation of the uak of the adhesion work it is assumed that
only secondary bonds act at the interface whiclemauch lower binding energy compared to
primary chemical bonds (covalent, ionic, metalli&Jdhesion by chemical bonding takes
place rather frequently in the case of polymer-iratarfaces [Fourche 95]. The formation of
such bonds is based on a charge transfer from #talrto the polymer. An increase in
adhesion through the formation of primary bondslitained when special side or functional
groups are introduced along the polymer chain,ew adsorption sites containing radicals,
unsaturation, etc. are created.

The polymer surface chemistry was altered by icanbenodification with AF, Ny",
and Q" ions at an energy of 1 keV in UHV, and exposureitoafter Af bombardment.
Table 7.3 shows the atomic weight percentages gfj@x and nitrogen in modified PS.
Untreated PS surfaces were free from oxygen or athgr species. Pronounced polymer
oxidation took place after the treated polymer eggosed to atmosphere, where the detected
oxygen content increased up to 17 at. %. Up tot2Poaof oxygen was observed for the
sample treated with O ions. Treatment with pure argon and nitrogen showt lead to
oxygen incorporation. However, modification withygen free gases can lead to the reaction
of the free radicals created on the polymer surfeitie O, containing species most probably
originating from the residual gas in the chambeagje 98, Grant 88, Chan 94].

High resolution C 1s spectra, recorded with XPSiewseconvoluted into individual
peaks identifying the different functional groups raported by [Beamson 92], Figure 6.17.
The p-p” shake-up satellite indicating polymer aromatidggtyeliminated or it overlaps with
the broad carbon tail, while the aliphatic carbeatifire increases with increasing ion fluence.
This was observed for all treatments indicating tha aromatic ring was the primary site for
PS modification. Reaction with oxygen or nitroggredes resulted in the formation of
carbon-oxygen or carbon-nitrogen functional groapshown in Figure 6.17. As an example,

the results obtained for oxygen treated PS are slamain in Figure 7.15(a-b).
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Table 7.3 Atomic weight percentage of oxygen and nitrogeraswed in the PS after

different treatments. Modification was done usimg microwave lonEtch gun (Tectra).

Gas untreated tbem? 10 em? 10®%cm? 10*%cm?
Ar + exposed to air 0 1 7 13 17
N, at % B 0 35 54 15.4 17.3
at % O 0 - 0.6 0.7 0.9
O, 0 13 17 24 27
a)
b)

Figure 7.15
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d)

Figure 7.15 (continued)XPS spectra of Carbon C1s for (a-b) PS and (cdd) Phe features
were fitted for pristine and oxygen treated polysaé&ihich carbon bond corresponds to which
fitted feature in the main C 1s line is indicatgdtbe numbers in the chemical formula.

The XPS results clearly show possible ways efif@@orporation into the polymer:
reaction of free radicals with the residual gathe chamber; reaction of surface radicals with
atmospheric oxygen, and surface oxidation duriegtinent with oxygen gas itself. Carbon-
nitrogen functional groups, on the other hand, wierened only after polymer irradiation
with nitrogen. PS oxidizes faster in atmospheré, during treatment with oxygen ions. If the
sample is exposed to atmosphere, the long-liveel faglicals formed during ion treatment

react preferentially with oxygen, as no other speaivere detected. Even a small’ Aon
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fluence, 16° cm?, is enough to incorporate C-O (and/or alcoholugminto the PS surface
after the modified surface was exposed to air. ifttreasing fluence more new oxygen
containing groups are incorporated. It was obsethiatithe more oxygen or nitrogen is built
into the polymer the faster thgep ~ transition is eliminated. This leads to the cosidn that
the aromatic ring is the primary site for the cheshreactions in accordance with [France 98,
Shard 92]. Schematic diagrams of oxygen incorpomah PS are given in Figure 7.7.

Oxygen and nitrogen containing functional groupseMeund on the PP surface after
treatments with one or another gas as well. SimidaPS treatment, the ,Oions induced
different oxygen functional groups such as C-O-€0dZekonyte 04]. N treatment led to
the incorporation of new carbon-nitrogen functidtned (C=N, C-N-C, N-C-O). Nevertheless,
it seems that oxygenation and nitrogenation reastio treated PP take place slower than in
PS [Grant 88, France 98, Zekonyte 05], as wasrebddrom the @or N, concentrations in
both films. The oxygen concentration in polypropyewas lower by 6-10% as compared to
polystyrene for ion fluences of ¥0- 10 cm?, and only above 18 cm? the difference was
3%. Similar results were observed comparing theogén concentration in both polymers.
The example of fitted oxygen functional groups ®wn in Figure 7.15(c-d). The slower
formation of Q and N species in PP can be explained in terms of theiogapathways. PS
contains phenyl rings that offer numerous reacpathways leading to greater degree of
oxidation or nitrogenation. In PP the primary dttegte is the methyl group (chemical
formula Table 5.1) which decreases in number witlsréasing modification fluence
[Zekonyte 04]. The removal of this group or radidatroduction offers predominant
modification [France 98], however, with a ratheraimumber of possible reaction pathways.

Treatment of BMS, PMMA and BPA-PC with argon ions was discussedaome
detail in the previous sections and will not beeaed here. As a short reminder, for paty-
methylstyrene, similar to PS, the shake-up satelliinishes for prolonged ion treatment
(Figure 7.1). The oxygen concentration decreas#singreasing ion fluence when PMMA is
bombarded with different ions (Figures 6.14, 7L3)ss of oxygen (from 20 % to 5 % in the
fluence range of 0 to 1dcm®) and phenyl rings was recorded for polycarbonadterwit was
subjected to argon treatment.

Polar and oxygenated functional groups are bdlietee enhance the adhesion to
polymer surfaces through the strength of the chainbonds they can form. Modified PS
surfaces treated with different ions showed impdoweetal/polymer adhesion. Even if the
adhesion decreased after a maximum was reache@b#wdute values in the peel strength

were larger than the values for the untreated petyim the cases where additional oxygen
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and nitrogen was incorporated, Figure 6.27. Incdmee of PP, modification with oxygen ions
showed to be the most effective way to enhancetiieagth of Cu adhesion to the surface of
this polymer as an extremely high peel strengthneasrded, Figure 6.29(b).

Formation of new functional groups is effectiveemhtreatment is done with,@nd
N2 gas. When the polymer is bombarded with argon,ionemical rearrangements take place
through the abstraction of particular side chaiougs or oxygen containing fragments, as
shown for PMMA (Figures 6.14 and 6.18). If the fation of chemical bonds between
polymer and metal is important for enhancing thieesibn, the loss of reactive groups should
lower the strength between these materials. Thegbesngth of PMMA remains unchanged
with increasing argon ion fluence and, correspoglgindecreasing oxygen content, but Cu
adhesion on polycarbonate is stronger than foreated polymer, Figures 6.28, 6.29, even if
carbon-oxygen functional groups are preferentiediymoved from the polymer. On the other
hand, polycarbonate contains aromatic rings tham fmetal-arene sandwich complexes when
metal atoms condense on ring containing polymenedFch 99, Droulass 92].aMS also
contains phenyl rings, however, no improvement iatakpolymer joint was observed.
Taking this into account, it seems that the behagfgpolymers under ion irradiation plays
important role in metal/polymer adhesion. Experitaéresults lead to the conclusion that the
adhesion is improved on polymers that preferentialbss-link (PS, BPA-PC, PP), while no
adhesion enhancement was observed &M® and PMMA that undergo degradation by main

chain scission under ion bombardment.

7.2.3 Adsorption of metal on treated polymer surfaes: correlation between
condensation coefficient and enhancement in adhesio

In order to obtain good adhesion according to tdsogption theory, i.e. intimate
contact between two materials, the adherent sheeldthe substrate [Fourche 95]. Good
wetting is obtained when the surface energy oftetsate is greater or equal to the energy of
the adherent. The polymer surface energy, and sorelingly, the wetting behavior were
shown to improve after PS and PMMA were treatedh Wit™ ions, Figures 6.21, 6.22. As the
measurements were done in air, the treated polyudaces adsorbed oxygen from the
atmosphere resulting in the formation of carbongexy functional groups which cause the
surface to be more reactive. Wetting propertiespolymers are improved through ion
bombardment. As wetting is one of the most impdrteactors for good adhesion, the
interaction of metal with the polymer should als® improved leading to better adhesion

between these materials.
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The early stages of metallization are far from ti@ynamic equilibrium conditions,
since isolated metal atoms impinge on the polymefase. Therefore, various competing
processes (adsorption, surface diffusion and nticleafter encounters of metal adatoms,
metal atom reemission into vacuum, etc.) have ttaken into account in order to understand
how the metal-polymer interface is formed. Somaitketon the nucleation and growth of
noble metals on non-treated polymer surfaces ad a®l some new techniques for
investigation of these phenomena were publishesgweral workgZaporojtchenko 00, Thran
99]. The strong metal-polymer adhesion in the casea® reactive metals such as Cr, Al or
Ni, as a rule, is accompanied by higher condensataefficients and nucleation densities
compared to noble metals. These tendencies sheuldken into account when studying the
influence of ion irradiation on the adhesion prasrof noble metals on polymer surfaces.

Polymers and metals are very dissimilar materiats] their interaction is weak.
Metals of low reactivity, especially noble metalselCu or Au, do not wet polymer surfaces
but form 3D clusters on untreated polymer surfaédé®r the noble metal atoms adsorb to the
polymer they will remain there and diffuse on tledymer surface for a certain time, and then
desorb into the vacuum or will be trapped somewlwgreor beneath the polymer surface.
Only metal atoms remaining on the surface contelbtot the condensation coefficier@,
which is defined as the ratio of the number of alosd metal atoms to the total number of
metal atoms arriving to the surface.

There are two possibilities for metal nucleation molymer surfaces: the so called
random and preferred nucleation. For preferred eaidn, the metal atoms are trapped at
some defect sites, and for random nucleation thelenware formed when metal atom
encounter each other [Zaporojtchenko 01, Zaporejtkb 03a]. Both cases are distinguished
by examining the maximum cluster density as a fonobf the deposition rate. It was shown
[Zaporojtchenko 00, Zaporojtchenko 03a], that nobbetal atoms underwent random
nucleation and complete condensation at RT on palgmwith a high concentration of polar
groups like PMDA-ODA polyimide.

In contrast to PMDA-ODA, incomplete condensation@i and Au and preferred
nucleation were observed on untreated PS, as wellMMA and RMS. The interaction
between noble metal atoms and the polymer surf@cegak resulting in the desorbtion of
metal atom before thy reach the preferred adsarpsites on the polymer surface. The
condensation coefficient is lower and the clustarsities were found to be not rate dependent
[Zaporojtchenko 03a]. The results for the condeasatoefficients of Cu and Au on
untreated and treated PSaNM®S and PMMA are presented in Figures 6.23 — 6.2t T
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adsorption probability of metal on the polymer agd increases with increasing ion fluence
until complete condensatio€ (= 1) is reached above an ion fluence o1, The same
effect was observed for the PP surface, wi@od Cu on the untreated surface is about 0.2.
More metal is absorbed for longer treatment tinves saturation is reached at an ion fluence
of 10" cmi? [Zekonyte 04].

The metal condensation coefficient is related ptobability for a metal atom to find
a preferred site which is related to the mean dtstebetween these sites and the diffusion
length of the adatoms on the polymer surface.dfdistance between the nucleation centres is
larger than the diffusion length of the metal adagp more than 50 % of all approaching
metal atoms will not reach a nucleation site befigsorbing from the surface resulting in a
low C. Using ion-beam treatment, additional adsorptiotess (defects, polar groups,
unsaturations, etc.) are created on the polymdasair Metal atoms arriving on the treated
surface are likely to encounter preferred adsonpsites and to form clusters, with a distance
between the clusters comparable to or even sntaber the surface diffusion length, leading
to a higher cluster density and, consequentlgntancreased condensation coefficient (close
to 1), Figures 6.23, 6.25, 6.26.

The nature of the defects after ion bombardmentbeaaf different kinds and depend
on the ion chemistry and post chemical reactioge @dhesion centres may be terminal
groups, attractive local arrangements of the potyst&ins, or oxygen or nitrogen based
functional groups or functionalities of other elartsenot previously contained in the polymer
that are reactive towards a metal. When Cu, Autloerometals are evaporated onto untreated
PS, the phenyl rings offer a majority of speciiies to form metap complexes [Droulas 92,
Burkstrand 79, Gerenser 92, Friedrich 00]. As dised in Section 2.2.4, noble metal-arene
complexes are rather weakly bound (compared to g obtained when reactive metals
(Cr, Al) are evaporated) and unstable, and for drighetal coverage the formed interfacial
species disappear. The density and size of thel roeisters on polystyrene are given in
Figure 6.23. TEM images of untreated PS show nofoium Au cluster formation on the
pristine polymer surface with a density of ~46m? and a cluster diameter of about 3 nm.
Ar', Q" or N;" ion bombardments induce additional nucleationssitsulting in a higher
cluster density, more uniform metal distributiordasmaller clusters (average diameter ~ 2
nm), as shown in Figure 6.26 for an argon treateéagsiface. The increase in cluster density
is proportional to the ion fluence (Figures 6.23, (6.24 (b)), i.e. one ion creates one
nucleation site until saturation is reached. Rddiceeated during argon irradiation can react

with another radical producing unsaturation, bramghor cross-linking. If the polymers
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where treated at room temperature, a large numtrdecals (so called long living radicals)
remain unreacted and may therefore also participateeactions with deposited metal.
Treatment with @ or N, introduces functional groups, as discussed abimearporated
oxygen or nitrogen functionalities provide a greatember of new adsorption or nucleation
sites that are more reactive towards deposited Inf€a Au), such that metal-polymer
interactions predominate over metal-metal intecaxsti The metal-oxygen-polymer or metal-
nitrogen-polymer species were shown to be formediff@rent polymer surfaces [Burkstrand
78, Burkstrand 79, Gerenser 92, Droulas 92, FieéddD], compare Section 2.2.4. Comparing
the values of the Cu condensation coefficient oletifor PS treated with different gases, it
shows that N ion treatment created a more reactive polymeraserfor Cu to adsorb to,
Figure 6.25 (a). Similarly, it was shown that silvereferred nitrogen treated surfaces
[Gerenser 92, Burger 92]. It was concluded, thanabally more reactive metals like Al and
Cr oxidize rapidly, preferentially forming stron@rds with oxygen functionalities resulting
in a larger adhesion strength. Metals (Cu, Au, Aglh lower oxidation rates are more
reactive towards nitrogen containing species leadinenhanced metal-polymer interaction
[Burger 92, Gerenser 92]. This tendency is obseriredthe condensation coefficient
measurements, i.e. Cu adsorbs better on nitrogetett PS surfaces (Figure 6.25). However,
the peel test results shows that oxygen treategrmbk provide better adhesion, Figures 6.27,
6.29.

Condensation coefficients of Cu for different pobns treated with argon ions are
given in Figure 6.26. Cu adsorbs on untreataB with the same probability as on PS. Cu
on pristine PMMA, however, has a low€reven if oxygen functionalities are present in the
polymer structure. Polg-methylstyrene has phenyl rings in its structused #ilow formation
of the same Cp-complexes as for PS. In PMMA, the ester pendanaggare able to re-
orient towards the bulk minimizing the surface gyewhen in contact with the apolar UHV
medium [Bertrand 97]. This may lead to a lower iifateial reactivity of evaporated copper on
the PMMA surface. In the case of the Cu/PMMA irded formation, the interaction of Cu
with the polymer surface functionalities is low,t@dowing immobilization at an adsorption
site. This results in migration of the metal atoomsthe surface or into the bulk until they
encounter another adatom initiating cluster fororatiThe same Cu adsorption mechanism,
l.e. pure physical interaction, is observed oneated PP surfaces. When the surface of the
polymer was irradiated with Aror other ions, new Cu nucleation with a largersitgrwere

created resulting in an increased cluster densitlyc@ndensation coefficient for all polymers.
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Comparing the Cu cluster density on the PS sumattethe peel test results, Figures
6.23 and 6.25(b), a correlation between the maxinvaine in the peel strength and the
saturation value of the number of metal clusters al@served.

It was interesting to determine whether the enhawece in the peel strength for most
polymers is achieved through the chemical bondwdwt the metal and polymer or through
the increased number of contact points and vaM\teals forces. In order to understand this,
the metallization of the polymer sample for thelgests and the condensation coefficient
measurements was done at liquid nitrogen temperafiriow temperatures, metal atoms are
trapped at all nucleation sites due to little dsfin of adatoms [Zaporojtchenko 00b, Ratsch
03]. Untreated and treated PS samples for abovéioned measurements were prepared@ at
= -170 °C and compared with results obtained aimré@emperature. The results are given in

Table 7.4, where condensation coefficient, cludersity and peel strength are given.

Table 7.4Condensation coefficient, cluster density and pdeingth values for the Cu/PS

system determined at room and liquid nitrogen (¢CjGemperature.

lon fluence, C, a.u. Ne, cm’> Peel strength, N/rf?
cm? RT -170 °C RT -170°C RT -170°C
0 0.44 0.74 15 8" 10? 4 45
104 @ 0.91 0.96 18 10+ 100 150

a) Treatment was done with 1 keV Agns at room temperature. Samples were exposail tdter modification

and before Cu deposition.

When metallization of untreated PS takes placdiqaid nitrogen temperature (-
170°C), the Cu cluster density is higher than thetermined for the untreated polymer
surface at room temperature. In fact, the valublofalculated af = -170°C is the one that
was obtained at RT after ion treatment at an iorerfte of 18 cmi® Figure 6.23(b).
CorrespondinglyC is larger when Cu is deposited at low temperatuifethe number of
nucleation sites is important for an improved niptaymer interaction, i.e. secondary forces
(van der Waals, hydrogen) play the most importaté m adhesion [Kinloch 94], the peel
strength should be enhanced for the system prepatbe low temperature. This was the case
for untreated PS, Table 7.4.
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Ar” ion treatment led to a largérandNg,in both cases with similar values. Note that
the samples were exposed to atmosphere after tddication and before metal deposition,
because of the sample preparation limitations.agwin air resulted in oxygen incorporation
into the polymer surface layer. As discussed abdve, forms metal-oxygen-polymer
complexes after it was evaporated. These chemaaldare stronger than secondary bonds
resulting in a higher adhesion strength. Compatirggpeel test results for PS treated only
with argon and argon ion modification followed bypesure to air, it was found that the
adhesion strength was higher when additional oxygas incorporated into the polymer,
Figure 6.27(a).

The increased number of nucleation sites incretigemetal adsorption probability as
well as the adhesion strength. But the best impn&re in adhesion is obtained through the
addition of oxygen or nitrogen functionalities whiparticipate in the formation of chemical
bonds between the metal and the modified polymiee. improved metal interaction with the
polymer surface is always attributed to the enhdramhesion to these polymers. However,
PMMA and RAMS show the opposite behaviour even if Cu adsoobthé surface with a
larger probability. For PS and BPA-PC, the decraasthe adhesion strength starts in the
saturation region of the condensation coeffici@rly Cu condensation on PP increases with
increasing ion fluence and therefore also doepdet strength.

The question why the peel strength decreaseslisoptn. If improved interaction
between metal and polymer influences their adhesibns not clear why the strength
decreases after it reaches some maximum valuehwpthere is no improvement in adhesion
at all, even if the condensation coefficient anéd thuster density increase. In order to

understand the adhesion mechanisms, the failuadidocwas examined after the peel tests.

7.2.4 Failure location and mechanisms of adhesion

The peeled-off surfaces of the polymer and mehal Wwere analyzed with XPS. The
thickness of the polymer layer that remained onGbeor Au film was calculated as described
in Section 6.2.3.2, and results are given in Fight®l (for Cu/PS system) and Table 6.6
(other metal/polymer systems). The calculated tiesk showed that the failure mechanism
changed from interfacial failure for the untreapadymer surfaces to cohesive in the polymer
for the treated surfaces. The thickness of remgipoiymer film in most cases increased with
decreasing adhesion strength for PS and BPA-PCleVitii PMMA and RMS, the thickness
of the removed layer became larger when Cu wasg@est from surfaces treated with high
ion fluences. Taking this into account, it is cld@at the adhesion of the metal and polymer at
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the interface is improved and correlates with theease in the condensation coefficient. On
the other hand, while enhancing the adhesion aintleeface, some weak layer is formed in
the polymer bulk. The failure location for the CB/Bystem is difficult to determine because
of the controversial results, Table 6.6.

AR-XPS analysis showed that the first reactionsnduion bombardment take place in
the outer-most polymer surface layer, and witheasing ion fluence the species are more
evenly distributed throughout the modified layegufes 6.15 — 6.16. The largest reduction in
the intensity of the shake-up satellite and thénés) amount of ©or N, in PS are found in
the first 1 - 2 nm (take-off angle of 60 — 75°).eTthecrease in the concentrations of different
species or the increase in the intensity of thearemg satellite continues with decreasing
take-off angle which corresponds to a depth ofbnm, as was also calculated by [Tremblay
03, Paynter 02]. The calculated modification defstim the AR-XPS analysis is in good
agreement with the average values of the ion pat@tr depth obtained by TRIM
calculations reported by Biersak [Biersak 87].

Detailed spectra of the carbon C 1s line showed the shake-up satellite (the
characteristic feature of polystyrene) was detectiedhe removed Cu or Au film when the
peeled-off polymer layer exceeded 7 nm. A PS fifrthcs thickness was removed at or above
an ion fluence 18 cm?, Figures 6.31. Similar analysis was done for méiais peeled off
from other polymers. The characteristic featureBBA-PC ((O-C=0)-0), PMMA (C-O-
C=0) and RMS (p-p*) where detected on metal films peeled off frontypters treated with
an ion fluence of 1§ cm®. At these ion fluences, the failure took placetiie modified
polymer layer. The peel test results showed thatithterfacial failure occurred when the
metal film was removed from untreated polymer stefawith very low adhesion strength.
With increasing modification fluence, the crack pagated in the polymer leading to fracture
mechanisms that occur between two polymer surfageghe modified layer and the polymer
bulk. To determine the failure location for the BB/system is rather difficult. It seems that
the tendency of the failure location with incregsion fluence should be the same as for other
polymers, i.e. the polymer thickness on peeledzafffilm should increase with increasing ion
fluence, Table 6.6. However, the calculated thissni®r an nitrogen ion fluence above™10
cm? and oxygen ion fluence of ¥Dcm? showed that the fracture occurs near the
metal/polymer interface. Therefore, from the avaddadata it is difficult to draw an exact
conclusion.

The work of adhesionM.gn, is the work required to create two surfaces Ipassing

them in a thermodynamically reversible way, Sectib@d.3. However, it was found that
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energy required to cause a crack is much larger the surface energy of the two surfaces
[Kinloch 94, Jones 99]. It was found, that the fuae takes place under conditions far way
from thermodynamic reversibility, as the crack giiow the materials necessitates rupture of
strong primary bonds instead of secondary oneghik case, the fracture toughness or
fracture energyGe, is measured, which was found to depend on thescutdr weight as
shown for bulk polystyrene [Creton 99, Jones 9%ld&th 94]. The largest value of the
fracture toughness for high molecular weight (HMR8 is around 1000 JAimwhich is four
orders of magnitude larger than the value of twice surface energy. With decreasing
molecular mass of P%3. decreases down to a relative molecular mass @uneleng to the
critical relative molecular mass for entanglemeldnes 99]. Thus in bulk glassy polymers
and at the interface of two surfaces the entangiiisethe main factor that determines how
strong the interface is.

lon modification of PS and BPA-PC creates radithég participate in cross-linking
reactions. An increased degree of cross-linkingesmonds to an increase in the molecular
weight and possibly a larger degree of entanglenvamth leads to the formation of a plastic
zone propagating ahead of the crack leading tdnigjiie adhesion strength values for low ion
fluences. The degree of cross-linking for PS waerdened by surfacdys measurements,
Sections 6.2.2 and 7.1.1.1. At an*Aon fluence above 5 10" cm? the change in surface
Drys was » 22 K. The surface crosslink density determinedhé fluence is ~ 20% and
further ion bombardment increases the degree skdinking of the PS surface even more. In
the case of Bl and Q" ion bombardment or after exposure to air, theamaT,s was higher
(DTgs = 30 - 35 K) as compared to the PS surface tresidAr* ions, (see Table 6.4) due to
the formation of additional £and/or N containing polar groups which restrict the rotatio
[Young 91] together with the induced cross-links &gtive oxygen or nitrogen species
[Lianos 94, Idage 98]. lon beam induced cross-igkis an effective way to form a very
cohesive and dense surface layer which could aztnastal diffusion barrier preventing metal
migration into the bulk. As 1 keV ions penetratetas — 7 nm into the polymer, a highly
modified and cross-linked layer is formed at thenealepth. With increasing ion fluence the
density of cross-links increases leading to thenfdion of a sharp interface between the
treated layer and the untreated polymer bulk.

On the other hand, it should not be forgotten #wditional to cross-link formation
polymer degradation also takes place creating looleaular weight species. During
prolonged surface modification, low molecular weigpecies (LMW) are formed, as was

measured by size exclusion chromatography afteosxe of PS to an RF discharge plasma
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[Friedrich 99, Friedrich 00]. As was shown by Friel et al. [Friedrich 99], PS undergoes
degradation by depolymerization in addition to ¢ihess-linking reactions resulting in chains
containing less monomers compared to the pristir@nc Formation of LMW species can
also occur during ion bombardment. Small mass spdormed on the surface are desorbed
into the vacuum, while those created deeper inpthigmer have a very low probability to
escape. At the same time the cross-linked layeriges a diffusion barrier against migration
of the degradation species, which then accumulateeaboundary between the cross-linked
interface and the bulk polymer. This accumulatioii \gad to the formation of a weak
boundary layer that causes the decrease of thd/Rfetar metal/BPA-PC adhesion strength.

If LMW species are responsible for the low adhesstrength, polymers of the
degrading type will form small mass molecules tolarger extent under ion irradiation
resulting in low adhesion, as was shown faM®S and PMMA. The surface glass transition
temperature measurements for these two polymersaidhow a large difference between
treated (up to an ion fluence of'4@m®) and untreated surfaceSTs= 2 - 4 K), Figure 6.20,
confirming preferred degradation as dominating maedm for these polymers. The
formation of low molecular weight species iaMS and PMMA should be the main reason
for the poor metal/polymer interaction, as croskdi are formed rather slowly in such
polymers compared to the production of small mdecuRAMS and PMMA degrade by
main chain scission and through depolymerizatiactiens [Friedrich 99] and form stable
small mass molecules. As discussed above, theantladl chain size the lower is the degree
of entanglement. The determined thickness of theanmging film of these polymers on the
peeled off metal side increases with increasing flaences shows that the adhesion is
improved at the metal/polymer interface due to ¢hemical interactions and the increased
density of adsorption sites. But because of then&ion of LMW species in the treated
polymer layer, the entanglement is weak and theseddhesion is poor.

For the third type of peel strength dependencehenidan fluence observed for the
Cu/PP system, the adhesion increased with ongoesgment. Our results and the results
reported by Friedrich et al. [Friedrich 99] showattiPP undergoes strong oxidation and cross-
linking under oxygen treatment. From the failuredtion data it is not exactly clear where the
failure occurs. But the increase in the strengtlasnesd by peel tests indicates that a strongly
cross-linked layer may be the reason for the higingth, and that fracture possibly occurs in
cross-linked layer.
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7.2.5 Metal/polymer interface formation: summary ard conclusions

The various effects of low energy ion treatmenth@ polymer surface discussed in
the earlier sections contribute in a synergistiomnga to a significant enhancement of the
metal-polymer adhesion. Bombardment increased thmber of nucleation sites and
functional carbon-oxygen or carbon-nitrogen groopsthe polymer surface leading to the
enhancement of the metal adsorption probabilitypaitial correlation between the peel
strength and the condensation coefficient as veetha increase in the polymer surface energy
was found. A decrease in the measured adhesiomggtrgin case of PS, BPA-PC) or no
adhesion improvement (fora1S and PMMA) was recorded in the ion fluence rangere
complete metal condensation and saturation in niceeased polymer surface energy was
recorded. The exception was PP for which the pegehgth increased with increasing ion
fluence and reached some saturation.

XPS analysis of the fracture location showed thainiost cases the failure location
changed from interfacial failure for the untreapelymer to cohesive failure in the polymer
for treated surfaces. These observations indi¢etethe adhesion is improved at the metal-
polymer interface for all polymer/metal systemseTheasured peel strength gives the force
that is required to tear the two surfaces apartl the fracture, as shown in the experiments,
does not necessarily take place at the interfage.improvement in the metal-polymer
adhesion in the ion fluence range of10 10° cm? is attributed to the creation of a large
density of new adsorption sites resulting in a éargontact area on the one hand, and the
formation of chemically active groups on the othand that lead to the increased interaction
between metal and polymer through the formatiomefal-oxygen/nitrogen-polymer species.
The increase in surface roughness seen in AFMghgiae, and therefore plays little role in
the adhesion.

Three types of peel strength dependence vs. i@mdk were observed, and adhesion
models were suggested. The decrease in the peeabgsirat high ion fluences for PS and
BPA-PC is attributed to the formation of a weak maary layer that is formed between the
cross-linked layer and polymer bulk, as the corefadure occurs deeper in the polymer with
increasing ion fluence, Figure 7.16(a). The weaknaary layer is probably generated due to
partial degradation of the polymer under ion bordbsnt and to diffusion of low molecular
weight species (LMW) from the top cross-linked rfdee sublayer to the bulk polymer. At
the same time the cross-linked layer provides aidsangainst migration of the degradation
species, which then accumulate at the boundarydsgtvthe cross-linked interface and the

bulk polymer.
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For degrading polymers likea®S and PMMA, Figure 7.16(b), LMW species are
formed, which provide good interaction between riietal and the polymer at the interface,
but because of the low degree of entanglement énntlodified layer fracture is of the
cohesive type resulting in a poor peel strength.

In the case of the Cu/PP system, a high degreeoskdinking is created under ion
treatment resulting in the increased adhesion whedthes saturation at very high ion
fluences. The failure location at this point canhetidentified exactly. However, excluding
some of the results for the determination of théper thickness, the removed PP layer
thickness shows a tendency to increase with ingrgasn fluence. Taking this into account
and paying attention to the increasing adhesioength with increasing ion fluence, the

failure may occur in the cross-linked layer.

a) b)

Figure 7.16 Multilayer models for the metal/polymer interfacea) PS and BPA-PC; b)
PaMS and PMMA.
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Chapter 8

Summary and Conclusions

Low energy ion beam irradiation proved itself ® & suitable technique to alter the
chemical and physical properties of polymer sudac&pin coated thin films and
commercially available polymer sheets were irratlavith the ion source ISE 10 (Omicron)
or a microwave ion gun lonEtch (Tectra) at ion gres of 0.5 — 5 keV in the fluence range of
10* to 10°° cm? with argon, oxygen and nitrogen ions. The sputites of the different
polymers were determined using three methods: stegasurements with a stylus
profilometer, X-ray photoelectron spectroscopy (XP&d a quartz crystal microbalance
(QCM). The QCM allowed observing the real time realorate and the polymer sputter
kinetics. The XPS method provided a good possjbiiit observe chemical changes that
occurred in the polymer during sputtering. Step sneaments with the stylus profilometer
allowed us to perform quick sputter rate measurésnem different polymers at defined ion
fluences. A quadrupole mass spectrometer was wspdrtorm mass analysis of the evolved
gaseous species. The induced chemical changedymgrosurfaces were studied with angle
resolved XPS that allowed us to determine the wmifty of the surface modification by
variation of the take-off angle. Using the CASA-XR8ftware, data fitting was done to
determine the nature and quantity of the induces fumctional groups, and to monitor the
removal of old functionalities. The surface glasmsition temperature measurements based
on the noble metal embedding method was used &rdegte the behaviour of the polymer
under ion irradiation, i.e. cross-link formation @egradation. Atomic force microscopy was
used to determine the surface roughness of thiynpal films after ion beam irradiation. The
influence of the ion beam parameters and the palyohemistry on the metal-polymer
interaction was studied by measuring the metal epsdtion coefficient and the cluster
density, polymer surface energy, and peel strerBgised on the results of the present work,

the following conclusion can be drawn:
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Low energy ion beam irradiation of thermoplastidymoers
Sputter rates of various polymers differ by severders of magnitude and showed a

large dependence on the ion beam parameters apdlgheer chemistry.

The tendency of the sputter rate as a functiommiieam parameters was found to be
the same for all investigated polymers. The sputiezs of the polymers decreased
strongly with increasing ion fluence, followed bycanstant removal rate in the
steady-state region. The decrease of typicallyader of magnitude was attributed to
the chemical changes in the polymer structuredbetirred in the ion fluence range of
10" — 10° cm? depending on the polymer chemistry, ion energyiandype. Large
differences in the sputter rate of the polymersena@yserved at very low ion fluences
where the main chemical modifications took placethe steady-state region, surfaces
of different polymers were enriched with carborcarbon-oxygen or carbon-nitrogen
functional groups and the difference in the sputtes were smaller, with the
exception of Teflon like polymers which’s removakes remained several orders of
magnitude higher compared to the other polymerygéx being the most reactive gas
(among those used in the experiments) caused tjteesti polymer removal rates
compared with the rates obtained for bombardmettt @figon or nitrogen gas. The
sputter rates of the polymers increased with irgngaion energy, while no rate

dependence on different incident angles of theegptdgs was observed.

Experimental observation showed that the main fadetermining the polymer

removal rates of organic films bombarded at roommperature was the polymer
chemistry. The rates differed by one/several ordémhagnitude, as for example PS
was sputtered at a rate of 0.3 nm/min, PMMA — h&8min, and Teflon AF - 18.57

nm/min. Polymers containing aromatic rings are shdw have the lowest removal
rates, as aromatic rings are known to be the mfistte polymer stabilizers

absorbing the excitation energy from the polymBligogen or/and oxygen containing
polymers have larger removal rates, because oalbs&action of oxygen or nitrogen
containing functional groups activating the maimiohwhich led to main chain bond
scission and the formation of small volatile molesu When aromatic rings were
added to polymers having high removal rates, tlséstance of the polymer to ion
bombardment was increased. Teflon-like polymersewsrown to have the largest

sputter rates.
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Chemical changes involved structural rearrangemesdstions with different species,
like oxygen and/or nitrogen and led to the appezeaof new functional groups,
double bond formation, cross-linking and chain soising. The outer most surface
layer underwent post-chemical reactions with tmeaiaing active gases present in the
vacuum chamber, or when subjected to reactive atherves. The schematic diagrams
of the reaction pathways were given in the disamssfnalysis of angle resolved X-
ray photoelectron spectroscopy showed that the vesf changes under ion
irradiation occurred in the outer most surface lajle2 nm), and in the saturation
region the induced changes were observed in théewyenetration depth of the ions
(5-7 nm for ions with an energy of 1 keV). lon nfagition is a dynamical process
that reaches a stationary state above an ion ffuehd@d> cm® and remains uniform

with time.

Polymer sputtering at elevated temperatures wdseinéed by the tendency of the
polymers to cross-link or degrade under irradigtiand their behaviour during
thermal degradation. The ability of the polymersfdon cross-links or degradation
products on the surface under low energy ion etk was confirmed by the surface
glass transition measurements for PAMS and PMMA. Cross-linking polymers
(like PS) did not show changes in the ablation shtelevated sample temperatures up
to 470 K, while RMS (polymer with preferred degradation) was remoweath faster

at elevated temperatures. In both cases, the iam lmmbardment of heated samples
induced polymer depolymerization at temperatureshmawer than it is observed in
conventional pyrolysis leading to a large yieldnmdnomer emission and fast polymer
degradation. The ratios of the emitted speciesnduneating and during sputtering at
elevated temperatures showed that polymer degoedatider ion irradiation is similar
to the degradation that occurs during heating.

There are a number of theoretical models and miaeaynamics simulations of
molecular desorption mechanisms under ion bombantnkéowever, none of them
can explain the observed rate dependence on thdluence, the large difference
(orders of magnitude) in the sputter rate valugb@beginning and in the steady-state
region, and the rate dependence on the polymer ishgmMoreover, none of the
models take into account the induced post-chenreattions that influence the

polymer surface properties.
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Polymer-metal interface formation and adhesionrdfiev energy ion beam irradiation
When polymer surfaces are treated with low enengy lbeams the metallization
behaviour in the early stage of metallization clemfrom incomplete to complete
condensation. lon bombardment increased the nunobbenucleation sites and
functional carbon-oxygen or carbon-nitrogen groapshe polymer surface leading to
an increase of the metal adsorption probabilitywe#i as an enhancement of the

adhesion between the two materials.

The condensation coefficient is related to the gbality for a metal atom to reach a
preferred nucleation site which in turn is relatedhe mean distance between these
sites and the diffusion length of the adatoms @npgblymer surface. Using ion-beam
treatment, additional adsorption sites (terminabugs, formation of oxygen or
nitrogen functional groups or functionalities ofhet elements not previously
contained in the polymer that are reactive towaadmetal) were created on the
polymer surface. The increased number of clustammdd resulted in an increase in

the adsorption probability.

Only a partial correlation between the peel strieragid the condensation coefficient
as well as the increase in the polymer surfaceggners found. A decrease in the
measured adhesion strength (in case of PS, BPAoPQ) adhesion improvement (for
PaMS and PMMA) was recorded in the ion fluence ramgeere complete metal

condensation and saturation in the increased polywudace energy were recorded.
The exception was PP for which the peel strengthieased with increasing ion

fluence and reached some saturation.

XPS analysis of the peeled-off surfaces showedithatost cases the failure location
changed from interfacial for untreated polymersdbesive failure inside the polymer
for treated surfaces. These observations inditetethe adhesion is improved at the
metal-polymer interface for all polymer/metal syste The improvement in the metal-
polymer adhesion in the ion fluence range of*10 10°® cmi? is attributed to the

creation of a large density of new adsorption sitssilting in a larger contact area,
and chemically active groups that lead to the iased interaction between the metal
and the polymer by formation of metal-oxygen/nigngpolymer species. The

influence of a large number of nucleation sites dasonstrated by the experiments
done at low temperatures (-170 °C). At such tentpeza the metal atoms are trapped

at all nucleation sites of the untreated polymerfasme due to little diffusion of
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adatoms resulting in the formation of a large dgnsli metal clusters and therefore an
increased contact area. Correspondingly, an enhsntein adhesion strength by one
order of magnitude was measured. The metal inferaatith the polymer surface

through chemically active functional groups resufisstrong adhesion (increase by

several orders of magnitude) between two materials.

In the literature it was stated that chemically enactive metals like Al or Cr oxidize
rapidly preferentially forming strong bonds withygen functionalities resulting in
larger adhesion strengths. While metals (Cu, Au, @&dower oxidation rate are more
reactive with nitrogen containing species leadirng @nhanced metal-polymer
interaction. This tendency is observed in the casdgon coefficient measurements,
i.e. Cu adsorbs better on nitrogen treated PSsfddowever, the absolute values of
the measured adhesion strength received for oxyrgated polymers showed better

adhesion than those obtained for nitrogen treabéghers.

Three types of peel strength behaviour vs. ionnibeewere observed: the adhesion
increased with increasing ion fluence until saioratvas reached, which is the case
for PP; the peel strength increased for low iorerilties, reached a maximum and
decreased for prolonged treatment, for PS, BPA-R€;jmprovement in the peel

strength for metal on treatedMS and PMMA surfaces was recorded.

The decrease in the peel strength for PS and BPAsRtributed to the formation of a
weak boundary layer that is formed between theselioked layer and the polymer
bulk, as the cohesive failure occurred deeper & pgblymer with increasing ion
fluence. The weak boundary layer is most probabgnegated due to partial
degradation of the polymer by ion bombardment aiffdsion of the low molecular
weight species (LMW) from the top of the cross-&dkinterface sublayer to the bulk
polymer. For degrading polymers likeMS and PMMA, LMW species are formed,
which provide good interaction between the metdl thie polymer at the interface, but
because of the low degree of entanglement in thdifrad layer fracture is of
cohesive type with a poor peel strength. In the cdthe Cu/PP system, a high degree
of cross-linking is formed under ion treatment fsg in the increasing adhesion

which reaches saturation at high ion fluences.
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Chapter 9

Outlook

In this work, ion beam irradiation of different golers was discussed with respect to
the influence of the ion beam parameters, the satephperature and the polymer chemistry.
The induced alterations in the polymer surface ahieypnshowed to have a large influence on
the surface properties like surface glass tramsitiemperature, surface tension, metal
condensation and nucleation, as well as metal-paiyadhesion. The experiments should be
extended on polymers with different functional gvsulike arylonitriles, acrylates, etc. The
influence of the degree of crystalinity on the resaaate is also interesting.

X-ray photoelectron spectroscopy is a widely agpliechnique to determine the
surface chemistry, and high resolution carbon spguobvided rather large information on the
induced functionalities. However, performing theadétting procedure, it was noticed that
many features overlap with each other making ifialift to specify the exact functional
groups that are formed. Therefore, grazing andtared spectroscopy would help to identify
bonds and functional groups present in the polyaehond deformations are rather sensitive
to the presence of neighbouring atoms and bondsmial derivatization of ion treated
polymer surfaces would also allow a more selectinalysis of a particular functional group
formed.

There were no investigations done on the stafitiunctional groups as a function of
time. Contact angle measurements [Garbassi 98, Ghpdemonstrated that the number of
plasma induced polar groups decreased with time.€Fect of ageing on metal adhesion on
polymer surfaces should be also investigated, iasntportant for technological applications.

The adhesion behaviour of more reactive metate @l, Ni, Cr) on treated polymer
surfaces should be studied, as well as the depeead#rihe adhesion on the ion energy.

Superhydrophobic materials with a water contagletarger than 150° have received
a lot of attention in research. A typical procedtwe the fabrication of ultrahydrophobic
surfaces is to create a rough surface coveredlatlsurface energy molecules, or to roughen
the surface of hydrophobic materials. Using anbeam it is possible to obtain well defined

nanostructures on polymer surfaces by two differgmproaches. Firstly, because of the
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difference in the sputter rates of metals and pelgnself-organized growth of metal clusters
on polymer surfaces can be used to form nanoma#sksa result, the metal-free polymer
surfaces will be preferentially sputtered creatiegdle like structures. The second approach
is based on self-organized nanostructuring by ubilegk copolymers. The removal rates
differ from polymer to polymer, therefore ion iriatlon of copolymers, whose blocks show a
large difference in the sputter rates, will resaltlifferent patterns by preferentially removing
one block. Metal nanomasks can also be used inabe of copolymers with largely differing
metal condensation coefficients. Taking advantdgthe different nucleation rates of noble
metals on the copolymer blocks, one block can lmeptetely covered with metal in this way
be protected from ion bombardment.

Recently, first experiments were performed folypeer surface modification with
relevance to cell adhesion together with the laitof Biochemistry, Christian-Albrecht
University, Kiel. It was shown, that treated PSvpded good conditions for cell growth.
Further research is desired to find the optimuratinent conditions for a given type of cells
in order to provide good cell adhesion on a polyrmserface or to prevent cell growth

completely.
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Symbols and Abbreviations

A Hamaker constant
Ar aperture area of a Faraday cup
AES Auger electron emission

AFM Atomic force microscopy
ARXPS angle-resolved XPS

CcC condensation coefficient

d removed amount of material (in

sputter rate measurements)

e electron charge

Ex electron kinetic energy

Ep electron pass energy

ECR electron cyclotron resonance

FTIR Fourier transform IR
G Chemical yield of active species
G(S) chemical yield of chain scission

G(X) chemical yield of cross-links

G fracture energy (toughness)

IF ion fluence

IR infrared spectroscopy

] ion current

LMW  low molecular weight species
MD molecular dynamics simulation
MS magnetron sputtering

Nc metal cluster density

P peel strength

PVD physical vapour deposition

QCM quartz crystal microbalance

QMS quadrupole mass spectrometry

R range of the projectile in a
material

Rave average surface roughness

Rims root-mean-squared roughness

dSR

Tm
TEM

relative sensitivity factor
differential sputter rate
polymer sputter rate
sputter time

polymer glass transition
temperature

surface glass transition
temperature of a polymer
polymer melting temperature
transmission electron
microscopy

free volume of a polymer

retarding voltage
work of adhesion
X-ray photoelectron
spectroscopy

X-ray fluorescence

interfacial tension

sputtering yield
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