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1. Introduction 

Polymers are an interesting kind of material. The word polymer comes from the Greek 

words polys (many) and meros (part) and describes a natural or synthetic compound 

combined by a multiplicity of small molecules (monomers). While the most simple 

structures from a chemical point of view only consist of hydrogen and carbon atoms, the 

ability of the carbon to build up different forms of bonds leads to a multiplicity of these 

compounds. Next to the hydrocarbon compounds other atoms like oxygen and nitrogen 

may be incorporated, which form new chemical groups with different properties. The 

physical and chemical properties of this class of material therefore refers to aspects of 

structure and composition. 

Polymers play an important role in industry. As raw materials are cheap, the total world 

production of polyolefines (including Polyethylene and Polypropylene) will rise from 53.6 

mio.t in 1995 up to 79.6 mio.t in 2005 [KAMI97]. They are also quite easy to produce and 

can be formed through various processes such as injection moulding. For different 

applications the composition of the polymer material can be engineered. However, 

sometimes the specifications for a product or production process vary for different areas of 

the material (e.g. bulk and surface properties) and some properties like adhesion or 

wettability need to be changed according to the requirements of the engineers.  

 

To overcome these problems several techniques of surface modification have been 

developed. Plasma technology with its non-equilibrium chemistry is very promising for 

fulfilling the demands of finishing processes. A plasma can briefly be described as an 

ionised1 gas, consisting therefore of ions, electrons and neutral species. Due to relaxation 

and recombination processes various radiation wavelengths occur down to ultraviolet 

(UV). Their properties change dramatically when coming into contact with the surface. 

One can distinguish basically two effects of such encounters: an activation of the surface 

occurs by a loss of energy and charge of the plasma species and a functionalisation by a 

direct incorporation of the molecular components of the process gas to the surface or bulk 

material.   

In the process of activation a noble gas and its compounds cause polymer bonds to break, 

thereby creating radicals on the surface. These sites are chemically reactive and 

participate in subsequent reactions. The radicals can also react with one another, 

therefore creating double bonds or cross-linkage.  
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In the case of functionalisation, one can think of gases like oxygen or nitrogen coming into 

contact with the activated surface and participating in chemical reactions.  

An even more reactive form of functionalsiation will occur when these gases generate 

fragments inside the plasma and yield functional groups after penetrating into the polymer. 

Using oxygen as a process gas leads to the production of hydroxyl, carbonyl, and ester 

groups. These functional groups are useful in the industry because such pre-treated 

products are receptive to further surface processes like painting or adhering. 

 

However, the modification of polymers becomes a complex task because of the various 

interactions within the plasma and between the plasma and the material. As it is so far 

impossible to model all conceivable reactions theoretically, a new approach has been 

accomplished in this work by splitting the plasma into its basic components. Additionally 

the system complexity has been reduced by choosing accurate parameters for the 

discharge, eliminating the influence of the ions. These parameters have been found by 

theoretical considerations and testing special experimental aspects, leading to effective 

modification processes only through electrons and photons. 

Furthermore, modifications were so far only analysed as a completed process by 

identifying and evaluating the new chemical groups afterwards, but in this work some of 

the preceding reactions, such as the origin of different types of radicals, have been 

determined after applying a kind of conservation reaction. With those analytical methods 

reactions can be investigated at a molecular level.  

 

The new idea of this work is to describe microscopic changes in chemical 
composition and structure of a polymer surface caused by the separated plasma 
species electrons and photons.  
 
The challenge to distinguish different effects in the modification process will be tackled by 

observing the chemical and structural changes of the polymer surface. The composition of 

the sample was investigated with x-ray photoelectron spectroscopy (XPS), in which 

emitted electrons have been analysed. The surface structure was detected with an atomic 

force microscope (AFM), where a tiny tip screens the polymer and records the forces 

between tip and sample. From this signal structural data like topography or elasticity can 

be calculated. 

 
1 It was used here the British form of orthography, leading to some unfamiliar spelling like “ionisation” 
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The modification of the material has been accomplished with a microwave plasma as well 

as with electrons and UV-light to induce different reactions in the surface region. 

Therefore a basic description of a physical plasma is found in chapter 2 – Theory and 

Experimental Testing.  

The modification experiments required a very precise understanding of the plasma’s 

behaviour, and so the basic inner plasma reactions and possible interactions between the 

plasma and the polymer surface are introduced and discussed according to the simplified 

treatment conditions. The plasma electrons especially have been studied in these 

preliminary stages leading to basic considerations for the experiments and analysing 

methods. After these preparations the plasma can be experimentally modelled. Those 

aspects and their measurements will be presented in chapter 3 – Plasma Analysis.  

Surface modifications with electrons, photons and plasmas of different process gases lead 

to several interactions when the sample later comes into contact with air. One of these 

interactions is the incorporation of different elements and therefore the creation of new 

chemical groups, which were partly determined according to their depth distribution. Also 

structural changes, such as the creation of double bonds, are discussed. To understand 

some initial reactions of the modification process, different types of radicals were traced 

after electron treatment in a chemical labelling reaction. These and further measurements 

are presented in chapter 4 – Results and Discussion. 

This assignment will end with a Summary and Conclusions (chapter 5), 

Acknowledgements (chapter 6) and further aspects in an Appendix. 

 



2. Theory and experimental testing 

This work refers to polymer surfaces modified by plasma treatment and the separated 

effects through electrons and UV-light, so first of all the question arises what a surface is 

and how it can be characterised. As there is no universal definition, a surface will often be 

described as the border between two thermodynamical phases [NeKo00]. An answer also 

depends on experimental techniques which give information about chemical and structural 

aspects within different depths. In the microscopic approach there are basically two ways 

how a surface can be characterised: with spectroscopic and imaging techniques. Next to 

these kinds of techniques, there are also macroscopic methods to describe surface 

properties (e.g. measurements contact angles or the fractal dimension). 

In spectroscopy an excitation is applied to a sample and the interaction according to a 

probe is detected. The excitation can be induced by radiation with different wavelengths or 

particles (ions, electrons, ...). Also the variety of probes is manifold and the different types 

of analysers gives various insights to the sample. According to the excitation and the 

probes, spectroscopic methods can be distinguished by the obtained information, 

detection limit, lateral resolution and analysis depth (see figure 1).  

 

 
Figure 1: analysis depths of several spectroscopic techniques like infrared spectroscopy (IR), 
energy dispersive x-ray spectroscopy (EDX), RUTHERFORD backscattering spectroscopy (RBS), 
secondary ion mass spectroscopy (SIMS), and ion scattering spectroscopy (ISS) 

 

Also aspects like the quantification of the measured values and a possible destruction of 

the sample can be taken into account. 
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Imaging techniques visualise the structures of a sample in a direct, calculated or 

reciprocal way. These methods include optical imaging (like from a classical microscope), 

electron-optical imaging, diffraction methods, and various scanning methods. They also 

differ in their specific parameters like lateral resolution and analysis depth. 

In this work a combination of a spectroscopic and an imaging technique was used to 

obtain information about untreated and modified surfaces. X-ray photoelectron 

spectroscopy investigates electronic properties of atoms by detecting electrons as probes 

and therefore identifying the chemical composition of the sample. This technique is 

sensitive for the first atomic layers and mainly non-destructive (see red bar in figure 1).   

For a structural analysis of the sample (as well as some mechanical aspects) atomic force 

microscopy was used. The occurring forces between a tiny tip and the sample are 

measured and from this signal the topography can be calculated. This technique is also 

non-destructive with a high resolution (about some nm), depending on the different forces. 

In this chapter the basic theories of the experimental techniques are introduced as well as 

some aspects of microwave discharges. 

 

2.1 Chemical composition of a sample 
A main aspect is to investigate the chemical composition of a sample. On one hand it can 

be used to verify the purity of the sample. On the other hand the change in composition 

due to the modification can be traced. Therefore the theory and experimental aspects of 

high resolution x-ray photoelectron spectroscopy must be discussed.  

Nowadays an important and widely used experimental technique is photoelectron 

spectroscopy. Based on the photoelectric effect discovered by HERTZ in 1887, respectively 

HALLWACHS in 1889, where photons with a sufficient amount of energy interact with a solid 

emitting electrons, these so called photoelectrons provide information about the occupied 

electronic states in the surface area of the sample [Hert87][Hall89]. In 1905 EINSTEIN 

interpreted this process by granting the photons a quantified energy hν proportional to 

their frequencies [Eins05], being transferred in this case to an electron. In the process the 

energy is sufficient for stripping the electron away from the atom overcoming a binding 

energy Ebin as well as for accelerating it up to the kinetic energy of the photo-emitted 

electrons (Ekin). The last value is measured in photoelectron spectroscopy and refers to 

core or valence orbitals. 

Depending on whether ultraviolet or x-ray radiation is used, the techniques are called 

ultraviolet photoelectron spectroscopy (UPS) or x-ray photoelectron spectroscopy (XPS). 

With UPS (hν ~ 10...100eV) the valence band of a sample can be examined with high 



accuracy because of the small line width of the used gas discharge lamps. For the 

chemical analysis of materials XPS (hν ~ 100...10000eV) is an appropriate technique with 

a high sensitivity for the chemical environment. This method is therefore also called ESCA 

as an abbreviation for Electron Spectroscopy for Chemical Analysis [Sieg67]. Today, an 

increasing usage of synchrotron radiation for photoelectron spectroscopy dissolves the 

border between UPS and XPS with tuneable frequencies for the radiation at small line-

widths. 

 

2.1.1 Theory of XPS 

The balance in regard to energy conservation for a free atom (or molecule) before and 

after photoemission is: 

 
in kin finE  + h  = E  + Eν ,        (1) 

 
where hν is the photon energy, Ein and Efin are the total initial and final energies of the 

atom before and after photoemission, and Ekin is the kinetic energy of the photoelectron. 

For a given electron the binding energy Ebin is defined as the energy necessary to remove 

an electron without kinetic energy to infinity. Considering the vacuum level with its energy 

Ev as reference (i.e. Ev=0), one can write: 

 
 .         (2) ν kin binh  = E  + E

 
For conducting materials the spectrometer and the solid can be connected in order to 

keep the system at a common potential during photoemission. In this case the FERMI level 

of the spectrometer and the solid become the same [Deke73]. 

The calibration for non-conducting samples, as it will be shown below, can be carried out 

by comparing the signals with references. 

 

A simple, phenomenological approach to describe the photoemission process is the 

three-step model [PlEb82][Spic58][BeSp64][Luet93]. This model describes the process in 

three independent events for the photoelectron: 

• photoionisation; 

• propagation through the sample to the surface; 

• penetration through the surface and emission into the surrounding vacuum.  

 

 9



As the photoemission process implies a full quantum-mechanical processing in which an 

electron is removed from an occupied state within the solid before it is detected, a more 

sophisticated description is the one-step model [Bors85]. Here Ψin and Ψfin are 

considered as wave functions corresponding to the initial and final states, while the 

transition probability between these two eigen functions of the same HAMILTONIAN H0 

obeys FERMI'S golden rule:  

 

 (
2

*
fin in fin in~ H E E hΨ Ψ − − )ω δ ν .      (3) 

 
It is assumed that the perturbation H* is small when applied to the system. The incident 

radiation, characterised by the vector potential A and scalar potential Φ, causes the 

perturbation of the system so that the initial HAMILTONIAN H0 becomes H: 

 

 
2

2
0 22 2

eH H (A P P A) e A
mc mc

= + ⋅ + ⋅ − Φ +
e      (4) 

 
In this formula e and m denote the electron charge and mass, c is the speed of light and P 

stands for the momentum operator. While in the initial state N electrons occupy the 

system, the initial and final wave functions can be written in a sudden-approximation 

because of the fast-emitted photoelectrons. The interaction with the remaining (N-1) 

electron system is negligible: 

 

          (5) 1(N) k (N- )
in in in~Ψ Ψ Ψ

 

          (6) 1kinE(N) (N )
fin fin fin~ −Ψ Ψ Ψ

 
k
inΨ  is the wave-function of the k orbital and  the wave-function of the photoelectron  

having left the level k with the kinetic energy E

kinE
finΨ

kin. Hence, the matrix element infin H ΨΨ *  

is the product of a one-electron matrix, kin

fin in

E * kHΨ Ψ  and an (N-1) electron overlap 

integral, )()( 11 −− ΨΨ NN
infin

. 

 

Assuming the orbitals remain unmodified during the photoemission process, this 

frozen-orbital leads to , and the transition matrix element equals the one-)()( 11 −− Ψ=Ψ NN
infin
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electron matrix element. KOOPMANS' theorem gives the binding energy measured in an 

XPS process [Koop33]: 

 
   binE (k) = - kε .         (7) 

 
Even in this more precise theory other aspects like relaxation, correlation and relativistic 

effects have to be considered [Holl82]. 

 

After photoionisation the excited atomic system has to relax into a state of minimal energy. 

An inner shell electron-hole recombination can reach this state. There are several ways 

for such a recombination, illustrated in the next figure. 

  

 
Figure 2: different recombination processes [Schn01] 

 

In the process of x-ray emission, the relaxation energy is emitted as a photon. Taking 

only the electric dipole vector of the radiation into consideration, the x-ray emission obeys 

the following selection rules: Δl = ±1 and Δj = ±1 or 0.  

The probability of relaxation via dipolar emission is more than two times greater than that 

corresponding to electric quadrupoles or to the magnetic dipole vector, therefore these 

can usually be neglected [BrBa79]. 
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The x-ray emission is named after the shell in which the initial vacancy was created (K for 

l = 0, L for l = 1, etc.). This capital is followed by a Greek letter (α, β, ...) and numerical 

subscripts, as indicated in the next figure.  

 
Figure 3: x-ray emission lines – left: term diagram, right: quasi-atomic model [Voge97] 

 

The probability of relaxation rises with the ordinal number [Deme01] and therefore the 

method is not suitable for investigated hydrocarbons.  

 

With smaller ordinal numbers the probability of a second way of ion relaxation rises: the 

ejection of a second electron in an AUGER process [Auge25]. In this two electron process 

(named after P. AUGER who discovered this process in 1925) one electron transfers the 

freed energy to another electron in the same shell. If the second electron has enough 

energy to leave the solid, it may be analysed next to the photoelectron. The process then 

leaves two secondary electron holes. For an energy transfer to electrons of other shells, 

these are called COSTER-KRONIG [Kuzm98] and SUPER-COSTER-KRONIG [DaFe81] 

transitions.  

In the nomenclature used for this process the first letter stands for the hole's shell, the 

second denotes the shell from where the recombination starts and the third letter labels 

the shell from where the AUGER electron is emitted. So K is used for the 1s levels, L1, L2 

and L3 for 2s, 2p1/2 and 2p3/2 respectively2 [Deke73]. For example, the kinetic energy of a 

KL3L1 Auger electron is 

 

 .       (8) kin 3 1E E(K) E(L ) E(L ) *= − − −φ

                                                           
2 some authors use Roman numbers instead of Arabic ones 
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As the equation is independent from the excitation, photoelectrons and Auger electrons 

can be distinguished by using two different x-ray energies. Equation 8 and the notations 

above are also valid for the COSTER-KRONIG and the SUPER-COSTER-KRONIG transitions. 

 

The photoelectron lines associated with core levels are usually sharp, may have variable 

intensities and widths and, except the s levels, are doublets. The spectroscopic notation of 

a state is nlj, where n and l are the principal and orbital quantum numbers and j=l±s 

(s=1/2). For a given principal quantum number, l can take n values: 0, 1, 2, 3, ... (n-1) and 

the corresponding levels are denoted as s, p, d, f, ... respectively. The doublet character of 

the core lines arises through the spin-orbit (j-j) coupling.  

The width of a core line depends upon several factors such as the lifetime of the core hole 

created during photoemission, unresolved chemically-shifted peaks, multiple final states 

and x-ray line width, the finite resolution of the analyser etc. [BrSe83]. The peak width 

(FWHM = full width at half-maximum) can be written as  

 
 ( ) ( ) ( )222

apn EEEE Δ+Δ+Δ=Δ       (9) 
 
where ΔEn represent the natural width of the core level, ΔEp and ΔEa being due to the 

spectrometer, namely the width of the x-ray line and the analyser resolution, respectively. 

For metals, the lines have an asymmetric form, due to the screening effect by the 

conduction electrons [Kuzm98] and are well described by the DONIACH-SUNJIC formula 

[DoSu70]. For insulators and semiconductors the lines have a LORENTZ-type shape. 

  

The binding energies of a certain core level are different for non-equivalent atoms. This 

results from different oxidation states, the surrounding chemical environment or different 

lattice sites. The difference in binding energy is called chemical shift in analogy of 

nuclear magnetic resonance spectroscopy. It can be regarded as the result of a change in 

the spatially averaged COULOMB and exchange potentials exerted upon an electron by its 

environment. The next figure shows different chemical surroundings for carbon groups in 

a three-dimensional plot with the corresponding values for the shift in binding energy. 
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Figure 4: chemical shifts referred to the (hydro-)carbon 1s line at 285eV binding energy 

 

Several theoretical methods for calculating chemical shifts can be carried out like the self-

consistent field (SCF) approach, using the non-relativistic HARTREE-FOCK formalism or the 

relativistic DIRAC-FOCK method [Deke73]. An accurate binding energy can be calculated by 

extending equation 7 with relaxation, correlation and relativistic effects: 

 

 .     (10) bin relaxation correlation relativisticE  = - k - E  + E  + Eε δ δ δ

 

An alternative is the so called charge potential model, in which the core binding energy is 

considered to depend on the potentials created by the valence electrons of the considered 

atom and also by electrons from the neighbouring atoms [Ghos83].  

 

Valence band spectra are characterised by many closely spaced levels [BrSe83]. Its 

electrons are de-localised or sojourn in bonding orbitals which have low binding energies 

and effect the electronic structure of the investigated material [Zubr95]. Because of lower 

cross-sections, the intensity of valence band spectra, excited by x-rays, appears to be 

much lower than that of core level spectra. More about this theme with a special focus on 

polymers was published by FOERCH and MÄHL [FBB91] [Mähl99]. 
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Multiplet (exchange) splitting of core level lines can occur for systems with unpaired 

electrons in valence levels. More about the exchange splitting can be found with [Vlec34] 

[FaSh70] [OkKo92]. 

 

Besides the previously described effects involving one electron, effects with more 

electrons occur [Carl67][KrCa67]. Here two electron processes dominate [Fadl78], in 

which, simultaneously with the removal of the photoemission electron, a second electron 

can be transferred to a higher orbital in a shake-up process or be completely removed in 

a shake-off process, leading to a second emitted electron (see next figure).  

 

 
Figure 5: Electron shake-up and shake-off processes following ionisation [Holl82]. 

 

The energy necessary for either process is supplied from the kinetic energy of the 

photoelectron produced during initial ionisation. Therefore, the corresponding satellites in 

the XPS spectrum will appear on a higher binding (lower kinetic) energy side of the main 

peaks. For the electron involved in a shake-up or shake-off process the selection rules 

Δl=0, Δs=0, Δj=0 have to be fulfilled and therefore a change of n can occur [Holl82]. 

 

While the photoelectron spectra offer a lot of information, the peak areas and shapes need 

to be determined for a quantitative analysis of the XPS spectra. The radiation of the x-

rays penetrates the solid some µm and electrons in this depth are thereby excited. 

However, some of them lose a part of their energy through inelastic scattering processes 

during on their way to the surface and end up at a lower energy in the spectrum, giving 

rise to a background signal. This signal must be corrected in order to determine the true 

line areas from which the relative concentrations of the elements will be calculated. Next 
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to this interference the background can also give information about layer systems 

[Toug90] [Simo99] or nanostructures [Toug96].  

Only the electrons from the highest atomic layers reach the analyser with their full kinetic 

energy. For the others the distance between two collisions defines a mean free path λ. 

Experimental aspects of this to analyse different layer thickness’ will be discussed below. 

The easiest way to remove the background is to fit and to subtract a linear function. This 

method is independent of physical parameters and is often applied when a large number 

of spectra are evaluated. The error of this method is constant and therefore influences all 

measurements in the same way. 

SHIRLEY proposed a purely numerical method where the background intensity within a 

peak is proportional to the integrated intensity at higher energy [Shir72]. It is presumed 

that the background matches the spectrum outside the peak region.  

Different from that TOUGAARD implies a physical basis of his algorithm [Toug90][ToSi82], in 

which the measured spectrum j(E) is seen as photoelectron data F(E) and background 

signal, as given in the next equation: 

 

 
E

j(E) F(E) (E) K(E,E E') j(E) dE'
∞

= + λ ⋅ − ⋅ ⋅∫ .      (11) 

 
In this formula the term K(E,E-E’) describes the probability that an electron with the energy 

E loses the energy (E-E’) during a mean free path travel λ(E). The loss function can 

experimentally be evaluated by Reflection Electron Energy Loss Spectroscopy (REELS) 

[Stei83]. The excitation energy should therefore be in the same region as the kinetic 

energy of the electrons from the level examined [Lütk97].  

Because measurements show the same shape of the loss function for different solids and 

different states, TOUGAARD suggests a universal loss function for same cases [Toug89] 

[Toug97]: 

 

 
( )

22

B(E,E-E') (E) K(E,E-E') 
C E E'

⋅ ≅
⎡ ⎤+ −⎣ ⎦

λ       (12) 

 
with constants B=2886eV2 and C=1643eV2 found experimentally. 

One can also think of the inelastic scattering effects of electrons at the nuclei, which 

mainly influences the photoelectron spectra of ordered crystal structures [Schn01].  
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After correcting the obtained data, the intensity of the photoelectrons can be used for an 

analysis of the proportions of different elements. Additionally, the proportion of different 

functional groups can be investigated by dividing the intensities of core level spectra into 

areas with corresponding chemical shifts.  

A simple model can be used for evaluation [Ghos83], where the number of emitted 

electrons amounts to  

 

 0 0
dN I n
d

=
Σ
σ           (13) 

 
with I0 being the intensity of primary radiation, n the concentration of the element and 

dσ/dΣ the differential cross-section. The electron transport through the solid to the surface 

has to be evaluated with the mean free path λ and the emission angle Θ between surface 

normal and analyser: 

 

 0
dN(E) I n cos
d

= ⋅
Σ

Θ
σ λ .        (14) 

 
The measured intensity is also influenced by the characteristics of the spectrometer, 

which can be dependent on photoelectron energy. MÄHL therefore specified a so-called 

spectrometer function Q(E) for the used XPS-system, which is a multiplication factor for 

the number of emitted electrons [Mähl94]. 

 

Next to the discussed aspects of XPS, there are some more which also influence the 

measurement. For details about the surface structure, scattering and inner potentials of 

the sample see [Fadl84].  

 

2.1.2 Experimental conditions of XPS 

Photoelectron spectroscopy was carried out by using a commercial Perkin Elmer PHI 

5600ci multi-technique x-ray spectrometer, which is equipped with monochomatised Al Kα  

radiation and a dual Al/Mg anode. The energies of Al Kα and Mg Kα radiation are 

1486.6eV and 1253.6eV and the widths for the unmonochromatised radiation 0.85eV and 

0.7eV respectively. With such a dual anode, ambiguous lines can be distinguished by 

comparing measurements for both x-ray energies. As there were no such lines for the 

investigated materials, all photoelectron spectra in this work were obtained by using Al Kα 

monochromatic radiation. 
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A hemispherical analyser and a multi-channel detector record the spectra of emitted 

electrons and investigate the sample within a spot diameter of about 0.4mm. The 

measurements were performed at a base pressure of 3 x 10-10mbar. The main 

components of this spectrometer are shown in the next figure, for further details see 

[PeEl91].  

 
Figure 6: schematic diagram of the PHI 5600 spectrometer 

 

By using a monochromator, the half-width of the Al Kα radiation was reduced to about 

0.3eV. The monochromator works on the basis of the constructive interference from 

crystal diffraction, as given by the BRAGG equation:  

 
 ,         (15) n  = 2d sin λ θ

 
where d represents the distance between lattice planes, λ is the radiation wave length and 

θ is the angle between the incident radiation and the detecting planes.  

For investigating polymeric materials, it is necessary to supply low-energy electrons to the 

samples. This neutraliser compensates charges caused by the photoelectric effect of the 

x-ray bombardment, leading otherwise to a shift in binding energy of the measured 

photoelectron lines. It was used here to adjust the carbon 1s line for hydrocarbons to a 

binding energy of 285eV for a later comparison of the results with other authors. 

As the distribution of the newly created chemical groups through the plasma modification 

should be non-uniform according to the different penetration depths of radiation and 

 18 



particles, there are basically two ways to get some kind of depth information in 

photoelectron spectroscopy. 

The sputter depth profile method is based on the following procedure: first an x-ray 

photoelectron spectrum is obtained. Then the examined layer is sputtered away in a noble 

gas ion beam. The volume of the ablated material is proportional with the time of 

sputtering. Afterwards the newly created layer is examined. This procedure can be 

repeated, so that the examined layers show depths down to several 100nm.  

During the surface modification, the changes in the highest layers are mainly from interest. 

Here the sputter depth profile method could not be used because of two reasons: on one 

hand the ion bombardment influences the structure of the layer in a chemical and physical 

way. On the other hand, the removal of atoms depends on the kind of element, i.e. the 

sputtering cross sections are different for oxygen, nitrogen and carbon and therefore 

atoms with a smaller cross section accumulate.   

The method of concentration depth profiles examines the surface under different angles 

of emission for the photoelectron in reference to the surface normal. Angle resolved XPS 

measurements (ARXPS) are non destructive to the surface as long as the radiation does 

not affect the sample. The surface sensitivity of this technique results from the short 

escape depths of the photoelectrons although the x-rays deeply penetrate the sample. 

Considering a density of 0.95g/cm3 for PE and 0.90g/cm3 for PP, the x-ray attenuation 

length for 1486eV photons can be estimated to be 17.09µm for PE and 18.04µm for PP 

from the next figure. 

 

 
Figure 7: x-ray attenuation length for PP and PE [www00] 
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Assuming a uniform detachment depth of the electrons, which is basically valid for 

polymeric materials, differently thick layers were analysed. The surface normal of the 

sample spans an angle of 45° to the spectrometer, also called normal emission in the 

following. Concentration profiles from the different angles θ1, θ2, ... θn of the emitted 

photoelectrons lead to information about the composition down to a depth of about 10nm. 

For an analytic description several methods have been developed [ACW90] [BuHo85] 

[Grab93]. 

In the following illustration the geometrical aspects are schematically clarified. The 

symbols γ, φ and θ describe the angles between the x-rays and the spectrometer, the x-

rays and the surface normal and the surface normal and the spectrometer. The co-

ordinates x and y refer to the plane, while z describes the depth of the sample. 

 

 
Figure 8: geometrical aspects of angle resolved x-ray photoelectron spectroscopy (ARXPS) 

 

The disadvantages for the concentration depth profiles are on one hand a poor resolution, 

which has under the best experimental conditions a ratio of Δz/z=0.81 [Cump95]. On the 

other hand, the depth profiles can only be analysed up to the mean free path of the 

electrons and therefore with a depth of only some nm.  

 

Some presumptions for a precise evaluation of the measurements have been published 

by CUMPSON [Cump95] and are reflected in the following: 

 20 



• the material of the sample is amorphous or polycrystalline within the analysed volume; 

• the acceptance angle for electrons of the analyser is small;  

• the sample material is homogeneously distributed within the XY plane;  

• the used algorithm had to evaluate peaks with varying intensities and poor resolutions. 

The experimental set-up as well as the modified and investigated materials fulfil these 

assumptions at least in approximation, so that for a distribution of atomic concentrations in 

depth this behaviour can be determined. According to these assumptions and the 

experimental set-up, the peak area F can be calculated as 

 

 
0

z
cosF( ) TA L( ) c(z)e dz

∞
−

λ θθ = σ γ ⋅∫        (16) 

 
with T as the transmission function of the instrument, A as the area of analysis, the 

asymmetry factor L(γ), the photo-ionisation cross-section σ, the attenuation length λ, and 

c(z) as the atomic concentration in the depth z. As the data for the attenuation length λ of 

polymers varies by different between 2nm [Robe80] and to 7nm [CGS78], only the angles 

will be displayed below. 

 

Different approaches for angle resolved measurements can be distinguished: 

• the area of analysis A is defined by the detection area, i.e. 0AA
cos

=
θ

 where A0 is the 

analysed area at normal emission; 

• the area of analysis A is defined by the irradiated area, i.e. 0AA
cos

=
φ

 where A0 is area 

of the primary beam at normal incidence (monochromatic systems); 

• systems without a constant L(γ), so there is a changing in γ as soon as θ is changed. 

 

The PHI 5600 spectrometer allows a small photoelectron detection area (first point) and 

the analysed area therefore was smaller than the irradiated one for each angle. Defining a 

reduced intensity F( )I( )
TA L( )

θ
θ =

σ γ
, some of the geometrical factors become no longer 

necessary (so the intensity for a pure material would be I(θ) ∝ cos θ). Important for the 

evaluation of the data is then the precise knowledge of the factor TAσL(γ) for all angles θ.  

 21



A common mistake is made in the adjustment for the radiated and analysed area. If these 

cover the same area for a given angle, one has to take care of the same areas for other 

angles, too. 

 

Next to the chemical composition of the sample, knowledge of its structure is also 

important. This point will be introduced in the following.  

 
 
2.2 Structural aspects of a sample 
Imaging methods cover a different kind of information than spectroscopic ones and lead to 

a knowledge of structural aspects of a sample. Historically it started with magnifying 

glasses and later with microscopes. While these methods give a direct image of a sample, 

they are in a way limited by the wavelength of the light (see figure 9).  

 

 
Figure 9: simplified correlation between object size and wavelength - only objects larger than the 
used wavelength are visible 
 

To achieve information about geometrical composition at an atomic size, one can also 

think of diffraction experiments like low energy electron diffraction (LEED) and reflection 

high energy electron diffraction (RHEED) which provide a reciprocal picture of a surface. 

This reciprocal picture must be transferred into real space, but as those methods require 

ordered structures, they cannot be used for unordered polymer structures.  

Electron microscopy uses electrons instead of light to image small structures. This leads 

to a higher resolution because of the shorter wavelengths of electrons, but gives only 

qualitative depth information and samples must be also conducting (this can be archived 

for polymers by covering them with a thin film of gold). 

 

When BINNING and ROHRER invented the scanning tunnelling microscope in 1982, a new 

approach to a direct imaging was born. In this kind of microscopy a tip scans over the 
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surface and its electronic structure can be obtained down to atomic resolution [BRGW82]. 

The basics refer to the quantum-mechanical tunnel effect which is based on the finite 

probability that electrons can overcome the gap between the metal tip and the surface. In 

order to scan a surface within the nanometer scale, the tip is moved by piezo-crystals. The 

received data of charge densities can be computed into a topography of the surface. More 

detailed descriptions of this method are given in various articles and books [GüWi92] 

[WiGü92] [WiGü93]. 

Next to the tunnelling current other “nanoscopic” effects take place. The optical resolution 

limit of λ/2 after ABBE [Voge97] is avoided within the optical near field microscopy. That is 

because here not the optical far field is detected, but the optical near field of the sample. 

An object which is substantially smaller than the wavelength of the used light influences 

the wave propagation only in the way that it creates a HUYGENS secondary wave. This 

scattering wave is dependent on the size of the object, but the propagating far field is 

always spherical and therefore independent from the shape of the object. But the non 

propagating near field contains the structural information about the object [Hörs99]. Apart 

from the transmission and reflection measurements also the fluorescence can be 

measured. 

Another variable is the deflection of a cantilever in atomic force microscopy (AFM)3. Such 

a microscope uses the interaction forces between a fine tip mounted at the end of a plate-

spring and the sample surface [BQG86] [Binn87]. This method is therefore suitable for 

both electrically conducting and non conductive samples. An image of the surface 

topography can be archived by screening over the surface with a constant force. For the 

following experiments this technique was chosen because of the high resolution in all 

three dimensions, the practicability with non-conducting samples (polymers) and further 

experimental aspects like measurements of elasticity. 

 

2.2.1 Theory of AFM 

In scanning probe microscopy, a tip interacts with the surface of a sample and this force 

interaction is determined. On the basis of the distance between tip and sample, MOLITOR 

suggests the distinction of interacting forces between short-distance and long-distance 

effects [Moli00]. For both length scales attractive and repulsive interaction forces occur, 

leading to a very complex force - distance behaviour. Table 1 summarises the interactions 

 
3 Sometimes also called scanning force microscopy 



 24 

between tip and sample surface while in the following paragraph each of those forces will 

be described briefly. 

 

Force of interaction Distance and effect of interaction Range 
PAULI-repulsion Short-distance, repulsive 0.1nm 
COULOMB-repulsion Short-distance, repulsive 0.1nm 
Covalent bondage Short-distance, attractive 0.1nm 
Metallic bondage Short-distance, attractive Up to 1nm 
Ionic bondage Short-distance, attractive Up to 1nm 
Capillary forces Medium-distance, attractive Up to 10nm 
Van der Waals forces Long-distance, attractive Up to 100nm 
Electrostatic forces Long-distance, attractive or repulsive Several 100nm 
Magnetic forces Long-distance, attractive or repulsive Several 100nm 
 
Table 1: survey of forces between tip and surface according to their effect and range in atomic force 
microscopy [Moli00] 

 

When the tip is very close to the surface, the electron wave functions of atoms at the lower 

end of the tip and atoms at the sample surface can overlap. Between those atoms two 

strongly repulsive forces occur: Pauli-repulsion and COULOMB-repulsion. 

According to the PAULI exclusion principle, electrons with the same quantum numbers 

cannot be at the same place. Therefore these electrons are raised energetically and the 

resulting repulsion prevents any deeper penetration of the tip into the sample. 

The other repulsive strength, which correlates with atomic positions, is given by 

COULOMB-repulsion, where the nuclei are no longer shielded because of strongly 

overlapping electron wave functions.  

 

If wave functions of bonding electrons from different atoms overlap, a covalent bond can 

develop. Two neighbouring atoms then possess a common pair of electrons. From the 

exchange interaction of these electrons an attractive force, whose range is typically 

around 0.1nm. The strength of these forces can be seen in the hardness of diamond and 

boron nitride and likewise extreme melting temperatures.  

With the exception of noble gas atoms all atoms have one or more valences for covalent 

bonds according to their position in the periodic system. These bonds determine the 

symmetries of many crystal lattices as well as angles in molecules. In the contact mode of 

the scanning force microscope a covalent bond between the tip and the surface is 

possible, which can lead to a destruction of the sample surface due to its strong 

adhesiveness [HLMG95]. If the binding energy between tip and sample atoms is smaller 



than between the atoms within the sample or the tip itself, a non-destructive measurement 

is possible and the attraction leads to an interaction, which varies on atomic scale. 

 

If two metals approach each other, their bonding electrons form a free electron gas. This 

short-distance attraction, called metallic bond, is caused by exchange interaction. It can 

be strong as in the case of an iridium probe over an iridium surface [DZP90]. The 

attraction varies exponentially with the distance between metal tip and metal surface and 

these adhesion forces were theoretically described by FERRANTE and SMITH [FeSm85] for 

different metals. 

 

Electrostatic forces occur on a long range between charged particles or planes and are 

also named COULOMB forces. The force between two point charges q1 and q2 with the 

distance r between them can be described by:  

 

 1 2
2

0

1
4

q qF
r
⋅

= ⋅
π ⋅ ε ⋅ ε

        (17) 

 
where ε0 is the electrical field constant and ε the dielectric constant of the medium 

between the charges. Depending on the polarity of the charge the COULOMB force can be 

attractive or repulsive. When insulators are investigated, surface charging leads to such 

interactions. For a conducting sample image charges are induced which leads to an 

attractive force between sample and tip.  

 

Interactions between dipoles likewise are electrostatic forces. As the strength of dipole 

fields decrease with the third power of the distance, these forces decrease with r-6 and 

therefore substantially faster than COULOMB forces. Such interactions can also occur 

between non-polar molecules and atoms. These so-called VAN DER WAALS - forces are 

responsible for many effects (e.g. surface tension of liquids, certain characteristics of 

gases, capillary forces and the wetting of surfaces). They basically occur between all 

atoms or molecules. VAN DER WAALS - forces can be divided into three different groups:  

 

• dipole - dipole – forces where molecules with permanent dipole moments interact 

electrostatically;  
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• dipole - induced dipole – forces where the field of a permanent dipole induces a dipole 

moment in a nonpolar molecule, such that the permanent and induced dipole moments 

interact;  

• dispersion - forces based on interaction between fluctuating dipoles and the field that 

these induce.  

 

The entire VAN DER WAALS - potential is the total of three contributions:  

 
 .        (18) vdW pol ind dispV =V +V +V

 
The first two contributions are of electrostatic nature. The dispersion has its origin in 

quantum mechanics. Since the forces interacting between permanent and induced dipoles 

are not subject to retardation, these generally exert their influence at a greater distance 

than the dispersion forces. 

 

Although smaller than COULOMB forces, VAN DER WAALS - forces with their range of 

approximately 100nm influence the interaction between tip and sample substantially 

because volumes have to be taken into consideration here. This applies to the contact as 

well as to the dynamic mode. In the contact mode short-distance forces play an important 

role. Although the strength per atom for VAN DER WAALS - forces is very small, the total 

force achieves a scale around an order of magnitude above the short-distance attraction 

[GoGa91]. In the dynamic mode the VAN DER WAALS - forces are the determining factor 

between probe and sample. Only at the reversal point of the oscillatory movement of the 

tip short-distant forces can become important.  

VAN DER WAALS - interactions between the same materials are always attractive no matter 

what the medium, even for measurements in vacuum [BuCo93].  

 

Capillary forces occur between tip and sample if a liquid film is present. The radius of the 

tip is small enough that a meniscus can be formed. This effect occurs for measurements 

in air, although the humidity plays a crucial role. Dipole - dipole - interactions and VAN DER 

WAALS - forces are likewise responsible for these forces. This additional adhesive force 

can influence the measurements substantially.  
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In order to be able to examine magnetic forces and interactions on a small scale, 

magnetic force microscopy (MFM) was developed, where the tip consists of a magnetic 

material. The force on a magnetic dipole with the magnetic moment µ in the field B is:  
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The magnetic fields are long-distance and for a constant magnetic moment the force 

depends on the gradient of the magnetic field. Magnetic forces play no role in the 

investigated polymers, but more details can be found elsewhere [MMB97] [GAM95]. 

 

2.2.2 Experimental conditions of AFM 

The atomic force microscope measurements were performed on the different commercial 

systems Quesant Q-Scope 250 and Omicron AFM/STM. Although the excitation of the 

cantilever is different, the primary set-up for both instruments is illustrated schematically in 

figure 10.  

 

 
Figure 10 : schematic set-up of an atomic force microscope  

 

While the cantilever scans the surface in plane x and y direction, the reflection of a laser 

beam upside of the tip is detected at a photodiode. Depending on the  segment of the 

photodiode where the reflection is measured, information about the deflection of the 

cantilever is obtained. A typical commercial tip depicted by an electron microscope is 

shown in the next picture. 

 



 
Figure 11: microscopic view of an AFM tip [Nano03] 

 

Atomic force microscopy basically operates within two modes: contact and non-contact 

mode. In the contact mode, the normal force can be seen as the deflection of the 

cantilever and the lateral force (friction force) as the torsion of the cantilever. The tip and 

the sample are approached, until they get “in contact”. The force then has a strength of 

about 10-9N and the deflection is used as control signal. The surface is scanned while the 

feedback control system adjusts the distance between tip and sample. When this 

adjustment passes very fast, the measurement corresponds to a constant force mode, 

while a low feedback leads to a constant height mode measurement of the surface.  

The deflection of the cantilever is in good approximation proportional to the force between 

tip and surface and therefore obeys HOOKE's law 

 

 N
ll F
A

Δ = α ⋅           (20) 

 
with the length of the cantilever l, Δl as the change of the length, α the linear extension 

coefficient, FN the normal force and A the cross section area of the cantilever.  
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Figure 12: force curve [Rein01] 

 

The force curve shown in figure 12 is the negative derivative of the interaction potential 

and describes the behaviour of the force FN in dependence of the distance between tip 

and surface.  

In contact mode also the torsion back and forth of the cantilever can be measured. It will 

be influenced by the topography and friction, while the main interest focuses on the 

second aspect. The strength of the friction signal depends on the condition of the surface 

and inner stresses of the cantilever make an evaluation of this signal very complicated. 

In the intermittent mode is a kind of soft contact mode where the amplitude of the 

cantilever is dynamically modulated near the resonance frequency. When the tip 

approaches the surface, the damping is used as a feedback signal for the distance. At the 

reversal point of the oscillation, the cantilever touches the surface. Because the 

penetration of this mode into the material is less deep compared with the contact mode, 

this method will primary be used for the measurements on soft materials. The obtained 

signal will also be used for analysing the phase shift of the sample. 

With the intermittent contact mode a phase signal can be measured which helps to 

differentiate materials according to their hardness. Figure 13 shows the response of the 

cantilever being externally excited at frequencies near its natural resonance frequency, f0.  
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Figure 13: phase imaging - the frequency of an external vibrator can sweep across the cantilever’s 
resonance [Ques02] 

 

The amplitude of the cantilever’s motion has a maximum at the resonance frequency with 

a phase of 90° behind the external vibration. From the intermittent contact mode where a 

frequency below the resonance is locked, the phase shift, at this frequency, is less than 

90°. Lowering the probe towards the surface will lead to a different force field and 

therefore a change in the phase signal, while the direction of the phase change will 

depend on the nature of the interaction between tip and polymer. 

A homogenous surface material lets the cantilever experience a constant phase shift at 

each position of the scanning process, resulting as a flat plane in the phase image. On 

one hand the phase measurement will be influenced by the surface geometry - scanning 

an ascent will cause slight shifting to lower frequencies respectively; slightly higher 

frequencies result when scanning a descent. On the other hand adhesive forces between 

tip and surface have an impact on the phase image. 

 

In non-contact mode the cantilever is excited to oscillate with its resonance frequency 

while the sample is ramped along the z axis. An image of the surface and the contrast 

behaviour of the sample is harder to obtain in this mode, so this technique requires UHV 

conditions. Several models have been developed to describe the contrast behaviour 

[Gies97]. 

In contrast to the contact mode, not the deflection but the influence of the force gradient 

caused by the surface is used as adjustment signal. The mean distance here between tip 

and surface is between 1nm and 100nm and therefore a measurement can be performed 

without “contact” to the surface. When the oscillating cantilever is approaching the 
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surface, the tip is exposed to an attractive force field which leads to a decrease of the 

resonance frequency.   

 

 
Figure 14: force gradient [Rein01] 

 

The operation of the non-contact mode of an atomic force microscope can be divided into 

small (about 1nm) and large amplitudes (10-100nm) of the cantilever oscillation.  For small 

amplitudes, the tip crosses the force field where the gradient can nearly be seen as 

constant, so the tip will follow a harmonic movement. Larger amplitudes span areas where 

this assumption is not valid anymore. Practically a small amplitude has a positive influence 

on the sensitivity of the surface while larger amplitudes show a better stability of the 

oscillation itself approaching the surface as well as scanning the sample. 

 

The Omicron microscope uses a method, where the cantilever is driven with an active 

feedback system with its resonance-frequency according to the actual force-gradient 

[UGM97]. The amplitude of the oscillation maintains at a fixed value and the outer force-

field will be detected by the shift of the resonance-frequency.  

The reason for the frequency shift results from the force gradient near the sample surface. 

This gradient is determined by the LENNARD JONES potential and therefore acts as a 

distance control. This potential is a superposition of a repulsive short-distance and an 

attractive long-distance VAN DER WAALS – potential and can be written after [Greu98] as 
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φ = − 2          (21)  

 
In this formula c1 and c2 are constants while z represents the distance between tip and 

surface. This semi-empirical approach is acceptable for investigation on polymers 

although it neglects magnetic and electrostatic interactions. The short-distance repulsive 

forces determine the lateral resolution while the long-distance attractive forces have only a 

minor influence.  

This behaviour of the force gradient leads to a change of the frequency in the cantilever, 

which does not occur for an uniform force gradient because then the derivative becomes 

constant and is therefore not well-defined. The sign of the frequency shift refers to the sign 

of the force gradient (see figure 14). Approaching the tip to the surface crossing the zero 

passage F(z0), the frequency shift changes from negative to positive.  

 

One further aspect is the surface elasticity, which can be recorded as a function of force 

vs. distance. This does not lead to lateral images as the topography does but records the 

forces at one location towards the tip when being pressed into the sample material and 

then later withdrawn. The next figure shows the basic idea of such force-distance curves.  

 
Figure 15: schematic force - piezo position curve respectively distance curve [HeHo99] 
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The characteristic begins at the right edge of the picture, when the tip is far away from the 

sample and no deflection occurs (i). Approaching the tip, the gradient of the attractive 

force suddenly becomes stronger than the spring constant and this force bends the 

cantilever (ii). An edge in the characteristic is called “snap in” because the tip is in contact 

with the polymer at this point. Tip and surface are further approached until the reversal 

movement of the piezo (iii) is reached. The decreasing deflection of the plate-spring when 

drawing back does not show the same curve as for the approaching deflection because of 

the non-linearity of the piezo. The curve intersects the normal force (baseline without 

force) and becomes negative (a sticking between tip and surface through the adhesion 

forces between them). At the point (iv) the contact breaks down (called “snap off”) and the 

cantilever swings with its resonance frequency around the intermediate position. Later in 

the measurements, the approaching lines will be coloured in blue and retraction lines are 

coloured in red.  

Further information about the different contact models can be found at [BuCo93] [GAM95] 

[CaDi99]. 

 

After describing the surface analysing techniques in great detail, the focus will now shift to 

some aspects of the modification process by a microwave plasma. The basics of such a 

discharge will be presented in the following text. 

 
 
2.3 Plasma State 
In the experiments the polymer will be exposed to the influence of a plasma, and therefore 

it is important to understand the processes inside such a discharge. From a physical point 

of view, it can be defined as a mixture of free electrons, ions (mostly positive) and neutrals 

of a gas in different energetic and excited states, which interact with photons and among 

themselves [Dros78] [Ruts84] [Fran94]. It is also referred as the 4th aggregation state like 

figure 16 suggests. 

  



 
Figure 16 : different aggregation states according to the inner energy 

 

Most publications describe such a plasma by its outer parameters like the kind of process 

gas, its pressure and flow, the excitation frequency and power consumption [CGNS95]. A 

more realistic description can be given by inner parameters like density numbers of 

charged species or the distribution of kinetic energy for the particles. This approach gives 

ideas of the physical processes and this can lead to a more detailed understanding of the 

modification. It is also necessary to see later where simplifications of the process can be 

made in order to model the treatment process correctly. And further more it allows a kind 

of optimising the reactive species of such a discharge. 
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2.3.1 Theoretical aspects of the discharge 

In order to create plasma a lot of aspects have to be taken into consideration. First, there 

are large populations of gas atoms or molecules with their particular distributions of 

movement (direction and speed) and pressure. Temperature is another measure for the 

mean kinetic energy of molecules [Voge97], therefore the mean value for the translation 

energy is given by 

 

 21 3
2 2

transW mv= = kT         (22) 

 
with k as the BOLTZMANN constant. The pressure p is defined as a measure for the number 

of particles per unit volume ng, so it gives the density of thermal energy  

 
           (23) gp n k T= ⋅ ⋅

 
This concept can easily be transferred to charged particle populations. While charge is the 

cause for an electric field, every charged particle exerts forces to any other charge in 

inversely squared proportion. An external electric or magnetic field will also apply forces to 

the charged (and moving) particles within the area of its influence. 

 

The average speed of an argon atom (40 a. u.) at room temperature T is 

 

 22 3 5 10kT mv .
M s

= = ⋅         (24) 

 
If work is done on a charged particle it gains a certain energy by moving a given distance 

x through an electric field .  
0

x

eV eE dx= ⋅∫
 

Binary collisions occur almost exclusively when pairs of particles collide. The conservation 

laws for energy and momentum allow three classes of events: 

• elastic collisions where the total kinetic energy remains unchanged while momentum is 

transferred between the particles; 

• inelastic collisions when momentum is transferred between the particles, too, but a part 

of the kinetic energy is transferred to internal energy; 
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• super elastic collisions in which internal energy is transferred into kinetic energy, while 

momentum is conserved (the third kind of collision will be neglected here because it 

does not occur in low pressure discharges). 

 

In elastic collisions the motion paths of the particles are randomised leading to an average 

speed. Elastic collisions favour the creation of a plasma, therefore some concepts have to 

be defined (neglecting details like effects of charge, scattering angles, and impact 

parameters). Considering the path of an electron through a stationary gas such as argon, 

the target atoms can be seen as hard spheres. The number of target atoms ng in a volume 

 depends on the pressure of the gas. Each atom presents a collision cross section 

with circular area of . To examine the movement along the z-axis from the view 

of an electron, the blocked area by the argon atom is 

x y z⋅ ⋅

2
argonrπ ⋅ = σ

gn xyzσ . The depth z gives the mean 

free path 
g

1
n

λ =
σ

 when the x-y-plane is completely blocked. This simplified calculation 

gives a cross section of , but realistic considerations show an energy 

dependence for inelastic collisions like in figure 17.  

20 23 10 m−⋅

 

 

Figure 17 - cross sections for argon [Brai00] 

 

The formation of plasmas can now be achieved by providing enough energy for excitation 

and ionisation. This can be done by alternating electric fields, leading to this kind of 

equilibrium beyond the conditions of a gas.  
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The microwave excitation with its high-frequency alternating field at 2.45GHz accelerates 

the charged particles. While the light electrons can follow this field, increasing their kinetic 

energy,  the heavy ions seem to be immobile and therefore this kind of plasma with 

different kinetic energies for its species is called non-equilibrium plasma.  
 

A plasma shows significant changes in its behaviour referred to the gaseous phase 

because of the concentration of charge carriers, even if the numbers of positive and 

negative charges in a certain volume are in equilibrium (called quasi neutrality). This 

volume is characterised by the distance between ions and electrons and it is measured in 

the term of DEBYE length (more precise this means the electronically screening of the ion) 

 

0 e
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e0

kT
e n
ε

λ = .           (25) 

 
In the formula ne0 represents the mean density of electrons while Te stands for the 

electron temperature [Schr00]. 

Although all kinds of plasmas have some of the above features in common, they must be 

distinguished according to their density of charge carriers  and energy distribution of these 

ions and electrons. Referring to these values a classification by a two-dimensional plasma 

parameter space can be made (see figure 18). 
 

 

Figure 18: different natural and artificial plasma states [Brai00] 
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Concerning the glow discharges, the plasma parameters space in the figure above ranges 

by six magnitudes for the plasma density and nearly two magnitudes for the electron 

energy. Therefore the sole statement that a glow discharge was used for a modification 

process is not informative as there are innumerable distinctly different plasma states.  

Additionally an argon plasma is distinguishable from one containing negative and positive 

ions formed from fragments of a molecule like sulphur hexafluoride, so the process gas is 

also crucial. 

 

As laboratory plasma is confined or in other words it has physical boundaries, charged 

particles are created and lost both within the volume and at confining surfaces to varying 

degrees. However, just as amorphous solids appear to be steady-state solids, so 

laboratory generated plasmas often exist as steady, non-equilibrium states, too. It must be 

noted that the lifetime of individual particles in laboratory plasmas may only be a small 

fraction of a second, so that the steady state is a kind of dynamic, but non-thermal 

equilibrium [Mare00]. 

Since there are different influences on plasma parameters, these factors can interact, 

giving rise to an extremely complex system of variables. WILHELM summarises the basic 

processes in the next figure. 

 

Figure 19: reactions in a plasma [Wilh95] 
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Next the different influences will be discussed for an argon microwave plasma. In the case 

of a microwave excitation the degree of ionisation is comparably high with -2 -1in 10 -10
n

≈  

as well as the electron energy. Because of the low energy of the ions4 (some authors call 

them “cold”), their proportion of energy transfer to the surface is very small and this 

corresponds to a poor modification of the polymer. The energy of electrons and ions are 

ideally MAXWELLIAN distributed, and this theory will be compared in the following 

paragraphs with the experimental results.  

Noble gases like argon are chemically non reactive among themselves and therefore the 

induced energy will change the physical properties of the gas. The next table lists typical 

values for a microwave argon excitation, while the data for the neutrals match the ones for 

a normal gas at room temperature. 

 

Species Physical properties Values 
Neutrals Density (0.1 mbar) 

Temperature 
Velocity 

2.4⋅1015cm-3

293K (0.03eV) 
4⋅102m/s 

Ions Density (0.1 mbar) 
Temperature 
Velocity 

5⋅109 – 5⋅1010cm-3

500K (0.04eV) 
5⋅102m/s 

Electrons Density (0.1 mbar) 
Temperature 
Velocity 

5⋅109 – 5⋅1010cm-3

23000K (2eV) 
9.5⋅105m/s 

UV-Emission Wavelength of the most intense  
Argon-(I)-Lines 

104.82nm (11.62eV) 
106.67nm (11.83eV) 

Table 2: typical characteristics of an argon discharge [Chap80] [Haef91]  
 

As soon as the plasma comes into in contact with the sample, sputtering reactions occur 

and the resulting fragments may enter the discharge, leading to complicated inner plasma 

reactions. To minimise this possibility, the process gas flow is set rather high so that 

mainly pure argon will be ionised. Nevertheless, these impurities have to be taken into 

consideration. 

The power consumption of the discharge can be divided into the maintenance of the 

generator and the power transferred into the discharge. For the second aspect, different 

steps of excitation can be distinguished. In a pure argon plasma the main forms of power 

consumption are excitation and ionisation. When hydrocarbons are present in the 

discharge, additional fragmentation reactions occur.  The following table summarises the 

reactions for such a process gas mixture. 
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Energy Form of power consumption  
<0.5eV Excitation of rotational and vibrational states in hydrocarbons 
2.7eV Excitation of electronic states, e.g. fracture of double bonds 

CH2=CH2 + e- →  •CH2-CH2• + e-

3.6eV Fracture of ordinary bonds (fragmentation) 
CH3-CH3 + e- →  2•CH3 + e-

10.0eV Ionisation of hydrocarbon fragments 
•CH3 + e- →  •CH3

+ + 2e-

11.6eV Limiting energy for argon excitation 
Ar + e- →  Ar* + e-

12.0eV Ionisation of ethylene 
C2H4 + e- →  C2H4

+ + 2e-

15.8eV Ionisation of argon 
Ar + e- →  Ar+ + 2e-

Table 3: different forms of power consumption for an argon-hydrocarbon plasma [GeSc87] 

 

Since photons, ions and electrons are responsible for the surface modification, their 

formation and disappearance must be observed. The photons are created by 

recombination processes within the plasma or by plasma-wall interactions. When 

previously excited electrons relax again, photons are emitted according to the selection 

rules. In the case of argon the highest energies can be received by a transition from the 

3p54s state to the ground state, resulting in photon energies of 11.83 or 11.62eV. Figure 

20 shows those energy levels and further transitions.  

  

 

Figure 20: energy level of argon and several transitions [FeLo00] 
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Following the emission of photons there are also several possible reactions after a primary 

absorption of a photon. This activation of a singulett (S) or triplett (T) state is followed by 

vibrational and rotational deactivation. Another possibility is the emission of a photon after 

the collision with a molecule (M). The next table summarises these effects independently 

of the process gas. 
 

Physical Processes  
Fluorescence: S*→S+hν 
Collision Induced Emission: S*+M→ S+M+hν 
Induced Emission: S*+ hν→ S+2hν 
Intersystem Crossing (ISC): S*→T* 
Phosphorescence: T*→ S+hν 
Internal Conversion: S*→S‘ 
Electronic Singlet Energy Transfer S*+S→S+S* 
Energy Pooling: S*+S*→S**+S 
Electronic Triplet Energy Transfer T*+S→T+S* or T*+hν→T** 
Table 4 : photon effects - several physical processes can occur after an activation of a singulett or 
triplett state 

 

The spectrum of the discharge also ranges in the visible area and shows specific lines for 

different gases. Therefore, coarse impurities of the process gases or the ablation of 

sample material can be easily spotted by examining the colour of the discharge visually. 

 

 

Figure 21: emission lines in the visible range for different process gases [www01] 
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This examination of the visible spectra is not suitable for the detection of small amounts of 

contamination. For a more precise examination better instruments are needed (like a UV 

spectrometer which is capable to detect photon energies above 12eV).  
 

Ions are created when electrons are removed or attached to a neutral. Different from 

photons, their characteristics relate also to matter and not only to energy. In the gaseous 

phase they could react with other ions or neutrals in the following ways: 
 

Reaction Description Evidence 
A+ + B → B+ + A Charge exchange 5 Ion energy spectra 
A+ + B → B + A+ Elastic scattering Ion energy spectra 
A+ + B → A+ + B* + e- Excitation Ionisation efficiency 
A+ + B → A+ + B+ + e- Ionisation Ionisation efficiency 
A + B* → A+ + B + e- Penning ionisation Ionisation efficiency 
A+ + BC → A+ + B + C Fragmentation / dissociation Residual gas analysis 
e- + A+ + B → A+ B Volume recombination Plasma decay 
A± +B→AB± Oligomerisation Ion mass spectra 
A+B→AB Oligomerisation Residual gas analysis 
Table 5: gas phase reaction involving ions and neutrals 

 
They have only a marginal impact on the modification process due to their small gain of 

energy (table 2 shows their temperature only 0.01eV higher than the temperature of the 

neutrals), but thereby they do not complicate the surface reactions. 
  
A third group of the plasma species are the electrons. Most of them are elastically 

scattered in the gas phase, but some can also excite or ionise an atom or molecule. 

These are summarised with possible detection techniques in the next table. 
 

Reaction Description Evidence 
e- + A → A + e- Elastic Scattering Thermal electrons 
e- + A → A+ + e- + e- Penning-Ionisation Conductivity 
e- + A+ → A* + e- Excitation - 
e- + A*→ e- + A + hν De-Excitation Light emission 
e- + A*→  A + 2 e- Two-Step Ionisation Ionisation efficiency 
e- + AB → A + B + e- Fragmentation Residual gas analysis 
e- + AB → A+ + B + 2e- Dissociative Ionisation Residual gas analysis 
e- + AB →  A- + B Dissociative Attachment Residual gas analysis 
e-  + A+ + B  → A + B Volume Recombination Plasma decay and steady-state 
Table 6: gas phase reactions involving electrons 
                                                           
5 Called ‘resonant’ for A=B 



2.3.2 Determination of the plasma parameters 

For a discussion of the reaction listed above the plasma species need to be analysed with 

special diagnostics. While for the influence of light spectroscopic methods must be applied 

(which were not available for a detailed study), the influence of electrons and ions was 

determined by a LANGMUIR probe [Chap80]. Such a probe consists of a wire made from 

tungsten. Through immersion in the plasma this wire collects charged particles in function 

of the potential difference between plasma and probe. The ground plate of the discharge 

is used as a counter electrode. Because of sign convention, ion currents have a negative 

and electron currents a positive sign.  
 

 
Figure 22: I-V-characteristic for a plasma obtained by a LANGMUIR probe 

 

The characteristic in figure 22 can be divided into three areas by two potentials: the 

floating potential Vfl and the plasma potential Vpl. The floating potential can be recognised 

directly from the characteristic curve at the point I(Vfl)=0. This means that the same 

amount of electrons and ions reach the probe and compensate the total current to zero. 

This potential is self-adjusting for a probe without voltage or with a non-conducting 

surface. In case of a strongly negative probe voltage (compared to the floating potential), 

only positively charged ions reach the wire. The corresponding current is called ion 

saturation current of the characteristic. As soon as the probe is sufficiently negative 

towards the plasma potential, i.e. the electrons are not overcoming the counter field, a 

peripheral layer with a thickness with up to 10 DEBYE lengths evolves around the probe. If 
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the size of this peripheral layer is large compared with the radius of the probe rprobe, the 

ions sense this wire with a larger effective radius and when they are crossing the sheath 

area, the collision parameter determines whether the ions reach the wire or not. 
 

 
Figure 23 : probe geometry – from right to left trajectories for colliding and non-colliding particles 
are drawn [Flen93] 

 

The utmost collision parameters bglancing for glancing incidence (see figure 23) can be 

derived from the energy and momentum conservation law : 

 

 1 probe
glancing probe

e

eV
b r

kT
= − .        (26) 

 
The limited orbital motion current of ions with BOHM velocity therefore equals with Aprobe as 

the product of probe radius and its length: 

 

 probee
ion i probe

ion e

eVkTI ne 2 A 1
m kT

= ⋅ π − .      (27) 

 
This equation is valid as long as the free path of ions is large compared to rsheath while the 

collision parameters bglancing must be smaller than this radius. Equation 27 was derived by 

LANGMUIR and MOTT-SMITH for an infinite layer [LaMS26]. 
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The plasma potential Vpl cannot be directly derived from the characteristic curve. It is 

located near the maximum of the first derivation respectively the passage of zero of the 

second derivation as long as the characteristic curve is not disturbed by a high frequency 

plasma modulation. The characteristic curve’s area between floating and plasma potential 

is called electron residual current. At this point the probe potential is charged weakly 

negative based on the plasma potential. Depending on the potential and the energy of the 

electrons, some of them can overcome this counter field. 



When the probe is positively charged against the plasma potential, all electrons are 

accelerated towards the probe. This leads to the electron saturation current. The ions with 

their small amount of energy cannot overcome the counter field for their positive charge. A 

space-charge barrier is once again created around the probe, but this time negatively 

charged. The electron current towards a thin probe is therefore not a real saturation 

current, rather a current defined by collision parameters. For e2kTV
e

>  the formula is 

given by: 

 e
electron probe e

electron e

kT2I A n e 1
2 m kT

= ⋅ −
ππ

eV .     (28) 

 

Secondary electron emission can be ignored for this part of the characteristic line because 

emitted electrons are re-absorbed immediately through the counter field. There are many 

other processes influencing the electron saturation current like excitation and ionisation by 

electron impact inside the space-charge barrier. Additionally, for large positive voltages, 

the electron current can be limited if not enough electrons are supplied through diffusion 

processes inside the plasma.  For these reasons, the equation above frequently fails and 

the electron saturation current cannot be interpreted.  

Electron saturation current also yields information about the distribution in an integral 

form. The relationship between the second derivative of the characteristic curve and the 

energy distribution function for the electrons Fe(E) is described by the DRUYVESTEYN 

formula [Druy30]: 
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probe
e2

electron

e Ad I 2e 1 F (E)
dV m 4 V

=
−

.      

 (29) 
 
The velocity distribution function fe(v) of an isotropic distribution can be normalised 

  

 3
e e

0 0

f (v)d v F (E)dE n
∞ ∞

e= =∫ ∫         (30) 

 
and derived to  yield the energy distribution with the following formula 

 

 electron electron
e

m mf (v) F (E)
4 2E

=
π e .       

 (31) 
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It is obvious from the preceding formulas that the second derivation of the characteristic 

curve is direct proportional to the velocity distribution of the electrons: 

  

 
2 3

probe e2 2
electron

d I 2 e A f (v)
dV m

π
= .        (32) 

 
By integration of the velocity distribution, the electron density at the LANGMUIR probe can 

be calculated as 

 

 
03

electron2
e e 3

0 probe

2 m
n (I'') f (v)4 v dv I''(V) V dV

e A

∞

−∞

= π ⋅ = − ⋅∫ ∫ .    (33) 

 
The determination of the density is valid for all isotropic distribution functions under the 

condition of a known plasma potential. Further information about this measurement 

technique can be found with [Konu92] [Chen65] [CTT75] [SwSc70] [Hutc87] [LoHo68].  

 

Having established a framework for the plasma characterisation and the surface analysis, 

the experimental characterisation of the plasma will be done in the next chapter. 

Afterwards the techniques for the surface analysis will be applied.  
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3. Plasma Analysis 

A systematic investigation and description of non-equilibrium plasma physics is difficult to 

obtain and has not been done so far because particles and fields in a discharge form too 

complex a system. Trial and error approaches on the other hand have only brought limited 

insights. Probably the greatest challenge would be to predict the interaction between such 

a plasma and the surface of a sample.  

In this chapter some important preliminary work will be presented. As a plasma itself and 

the plasma treatment cannot be described in microscopic detail, a new approach has 

been made to reduce the complexity of the plasma and therefore of the modification. This 

concept is based on the fact that through the existing microwave discharge mainly 

photons are created and electrons are excited. If therefore the ions can be neglected, the 

whole plasma process is simplified without compromising the physics and chemistry 

behind the treatment. A future goal would be the modification of the sample only through 

electrons and photons exactly like the plasma treatment does. 

To approach this goal, the experimental conditions have also to be idealised in such a way 

that the plasma process gas and the substrate are as simple in their structure as possible. 

The experiment itself has to be most accurate to perform changes in the surface region 

without additional reactions from the impurities. A typical operating procedure in this work 

takes care of this aspect and is described as follows: 

• selection of pure polymer materials; 

• cleaning of the surface for polymer foils or spin-coating of solved granular material 

onto silica wafer or mica; 

• plasma, ultraviolet or electron treatment under clean experimental conditions (e.g. 

residual gas pressure <10-7mbar);  

• post treatment effects like the reaction with air or substances for chemical labelling like 

bromine or nitrogen monoxide; 

• surface analysis with photoelectron spectroscopy; 

• (partly) AFM measurements or other techniques.  
 

The experimental set-up to perform these kinds of experiments can be divided into two 

main areas: the plasma and the derivatisation chamber. Both are separated by valves 

(see figure 24) and possess independent vacuum pumping systems, leaving the 

chambers with residual gas pressures below 10-7mbar.  



 

Figure 24: schematic set-up of the measuring apparatus – with the transfer system the sample can 
be moved between plasma and derivatisation chamber in situ 

 

The sample itself is mounted on a holder which is equipped with threaded bushes and 

holes for positioning and moving. The holder has to be introduced via an air-lock into the 

vacuum system and can be transferred afterwards in-situ between the two chambers. To 

change the sample, only a sub-area of the derivation chamber has to be ventilated. 

Another aspect relies on the detection of the modification. While earlier research mainly 

focussed on the macroscopic changes, here the changes on a molecular scale were 

investigated. This has been made possible on one hand through the application of modern 

analytical systems and on the other hand through selective labelling reactions according 

to molecular structures. However, before these techniques are introduced in the second 

part of this chapter, some theoretical aspects and extensive studies of the inner plasma 

parameters will be presented in order to understand more about the modification process. 

 

3.1 Characterisation of the Plasma Chamber 
From earlier projects supported by the DFG (Deutsche Forschungsgemeinschaft) a 

microwave (2.45GHz) plasma chamber was able to be used as well as equipment from 

the University of Osnabrück and the Fraunhofer Institute for Applied Material Science. The 

plasma chamber was extended by some measuring techniques to analyse the inner 

parameters of the plasma (LANGMUIR probe and residual gas analysis) and a special 

chamber for chemical labelling was also available. The 2.45GHz microwave plasma 

chamber was filled only with high purity gases after the residual gas pressure inside the 

plasma chamber has reached ultra high vacuum (UHV), hindering external reactions. For 

the surface activation argon (purity > 99.999vol.%, Messer Griesheim) was used as a 

process gas. Functionalisation experiments of the polymer have been done either with 
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oxygen (purity > 99.998vol.%, Messer Griesheim) or nitrogen (purity > 99.999vol.%, 

Messer Griesheim). 

The process gas flow was controlled by a dose valve in combination with a gas flow 

monitor. The pressure in both chambers was examined by two compact FullRangeTM 

gauges (Balzers Instruments). A rough vacuum was obtained by a rotary slide-valve 

vacuum pump for the plasma chamber and a membrane pump for the derivatisation 

chamber. As a second step, each unit was equipped with a turbo molecular pump to reach 

ultra high vacuum. 

 

The plasma chamber consists of a cyclotron, whose microwaves are coupled into a 

wave-guide. After passing a crystal window, the process gas inside the plasma chamber is 

excited and forms the discharge. The expansion of the discharge depends on the outer 

parameters (process gas pressure and power consumption), which can be monitored and 

controlled separately. The process gas flows from an upper side into the chamber while 

the LANGMUIR probe is positioned inside the plasma. 

 

 

Figure 25: schematic view of the plasma chamber – while the outer plasma parameters were 
controlled by the process gas inlet and the pumping system, the inner parameters were analysed by 
a LANGMUIR probe 
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For the reproducibility of the experimental results, the chambers can be heated so that 

absorbed particles and molecules would be removed from the chamber walls. 

 

So far surface modifications due to plasma treatment were mainly characterised by the 

kind of excitation and the process gas (including the values for pressure and flow). While it 

has been shown that this information is not significant for a reproducible modification 

(problems with the scaling-up), and even the shape of the reactor and the plasma source 

influences the modification [KhOv00], a more precise description of the plasma is needed. 

On the other hand it is impossible to describe photons, electrons, ions, and neutrals in 

terms of their individual energy and direction of movement, but for example the energy 

distribution of charges in combination with corporate properties (like electron or ion 

density) allows a description of the inner parameters of a plasma, which are relevant for 

the modification and independent from the shape of the reactor. So first of all an overview 

of these discharge parameters is needed, including a distinction between different regions 

of plasma parameters which can be created (see figure 22 in determination of plasma 

parameters).  

Important factors for the discharge are the initiation and breakdown conditions, which 

ideally can be calculated by the pressure and the excitation frequency [KoMa70] [Nors79]. 

  

 
Figure 26: theoretical graph for the ignition of the discharge – the necessary pressure to initiate the 
plasma decreases with higher excitation frequencies  
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As the figure above represents theoretical values under ideal conditions, these values 

have to be determined experimentally for the existing set-up and will be presented later. 

While in this experiment the excitation frequency is fixed, the pressure can be controlled 

for different process gas flow rates by the pumping unit. For the 2.45GHz microwave 

discharge a pressure of at least 3·10-2Pa (corresponding 3·10-4mbar) is needed, while a 

discharge with a smaller excitation frequency needs a higher process gas pressure. 

The pumping capacity reaches a residual gas pressure of below 3·10-8mbar. As soon as a 

process gas (argon) floods the plasma chamber, this value increases as shown in the 

pumping capacity characteristic in figure 27.  

 
Figure 27: pumping capacity for argon – the pumping system is capable of reaching all pressures 
above the red coloured area  

 

After a sharp increase of the final pressure for small argon flows up to approx. 30sccm, 

the graph becomes a light ascending straight line. From an experimental point of view with 

the set-up, a reasonable lower bound for an argon flow up to 180sccm was a pressure of 

0.1mbar, which is defined by the capacity of the pumping unit. Experiments can also be 

performed with a higher gas flow at a pressure of 10-4bar or higher, but these results will 

be discounted here because of instabilities in the discharge. 

Consequently, the discharge shows very stable behaviour with time for this flow of 

process gas and pressures between 0.1 and 10mbar. This means that the described 

conditions were far away from a breakdown and therefore appropriate for the experiments. 

A problem with the stability of the discharge can be evaluated visually as a flickering light 

as well as from measurements with the LANGMUIR probe, where the characteristic line is 

irregular and shows several spikes. 
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Although the inner parameters naturally respond to changes of pressure, gas flow, power 

consumption and excitation frequency, they cannot yet be calculated from these values 

but ought to be measured. The main focus of the comparison between outer and inner 

parameters lies on the influences of the electrons.  

 

In the following paragraph, the electron energy distribution function (EEDF) will be 

described in detail. Also the properties of the electrons will be discussed in depth because 

of two reasons: 

• generally electrons have an impact on the surface modification; 

• from the precise determination of the inner properties of the discharge one can draw 

conclusions as to the possible interactions with a wall. 

 

For the determination of the plasma parameters, a LANGMUIR probe by HIDEN Analytics 

was used. The evaluation of the I-V-characteristic with the included software was 

sometimes not precise enough so that some of the parameters had to be calculated “by 

hand” from the spectra. The following figure shows the probe and the equivalent circuit. 

The probe mainly consists of a tungsten wire with 0.4mm in diameter and a circuit to 

adjust the voltage and measure the current. 

 

Figure 28: LANGMUIR probe and equivalent circuit [Hide97] 
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The characteristic curve for the probe varies with the current by several magnitudes. 

Because of the twofold derivative for the analysis, the curve had to be very smooth but 

also precise. The numerical smoothing of the data leads to a less accurate energy 

resolution and therefore the physical structures blur. For obtaining acceptable data, 

different approaches are possible. FLENDER describes the benefit of a continual up- and 

down-scanning of a voltage interval, especially sampling with randomly chosen starting 

voltages [Flen93]. The potential of the probe is selected by chance, so relaxation 

processes for the current become visible, which can be used to determine contamination. 

While this sophisticated approach was not possible to realise with the present device, the 

parameters like measurement time, measuring points and different voltages had to be 

optimised. Finally, the integration time was set to 0.5s per data point and an incremental 

width of 10mV. The potential ramp was set from –30V to +30V. For values higher than 

+50V the wire started to glow because too many electrons from the plasma have been 

attracted. A normal scan consists of 600 data points. Prior to the measurement, the 

LANGMUIR probe was pre-charged for cleaning reasons. With these preparations, the 

I-V-characteristic is smooth enough for calculating the plasma parameters.  

  
Figure 29: I-V-Graph – a typical profile for a LANGMUIR characteristic 
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The figure above shows a typical profile for a LANGMUIR characteristic. The three areas of 

interaction between the wire and the charged particles inside the plasma can be easily 

made up. The characteristic is also smooth enough so that the following calculations can 

be performed by the provided software.  



 
Figure 30: first derivative of the LANGMUIR characteristic 

 

 
Figure 31: second derivative of the LANGMUIR characteristic 

 

From the graphs, the floating potential with 1.5eV and the plasma potential with 5.5eV can 

be evaluated. The derivatives are also important for the evaluation of the I-V-correlation, 

because with them the electron energy distribution function, the densities of the charged 

particles and other inner plasma parameters can be calculated (see chapter 2.3.2 for 

theoretical aspects of the calculation). 
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3.2 Electron energy distribution function 
Combined with the electron density, the EEDF can be used to describe the probability of 

reactions caused by electrons. This includes reactions inside the plasma, with the walls of 

the experimental set-up and with the polymer surface, which should be modified. 

Therefore it is also important for a later modelling of the plasma conditions.  

 

From a theoretical point of view it is possible to calculate the electron temperature by 

using the values for the collision cross sections, electron density and reaction rates in the 

formula. For an argon microwave discharge this can be evaluated to Te=2.15eV, but 

ignoring the non thermal distributed electrons leads also to misinterpretation.  

Typical for a MAXWELLIAN (or thermal) distribution is the high proportion of low energy 

electrons (bulk) and the low proportion of high energy electrons (tail). Two of them are 

shown on the left of the next figure with different temperatures, while on the right different 

forms of velocities are compared to which other formulas and literature refer. 

 

 
Figure 32: MAXWELL distributions for 1 and 2eV electrons and different definitions of velocity (similar 
to [Voge97][Greu98]) 

 

The reactions taking place inside the plasma refer to collision processes, and those have 

a threshold of some electron volts. As mentioned before the threshold energy for the 

excitation of argon for example is about 11.6eV, for the ionisation 15.8eV. The fraction of 

MAXWELL distributed electrons with Te=2eV which are capable of such reactions can be 

calculated as 0.01 for the excitation and 0.001 for the ionisation. However, as there are a 

lot of electrons inside the plasma such reactions are likely. 
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When these theoretical values are compared with the obtained data in figure 33, first of all 

two distinctive shapes of the electron energy distribution functions are drawn to attention. 

The line-shape does also not look like MAXWELLIAN distributions, but more like 

DRUGVESTAN or BI-MAXWELLIAN [FLEN93]. The measurements were obtained at different 

argon gas pressures while the input power was set to 70% of the maximum power and the 

process gas flow to 18sccm. 

 
Figure 33: comparison of different EEDF for varying pressure 

 

The graphs with the lower maximum of energy refer to discharges with higher process gas 

pressure (black: 1.06mbar, green: 0.80mbar) while a lower pressure leads to higher 

electron energies (red: 0.53mbar and blue: 0.27mbar).  

As the characteristic suggests, there are far more electrons with higher energy for lower 

pressure plasma discharges. This result agrees with theoretical considerations and it is 

also interesting for the surface treatment, because electrons with higher energies have a 

higher probability of modifying the polymer.  

Not only the pressure can be varied, but also the input power. The small variation of the 

shape of the EEDF is displayed in the next figure, while the pressure was lowered to 

0.13mbar (this value for the pressure leads to the “best” shape of the EEDF in the 

experiments). 
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Figure 34 : comparison of different EEDF with varying input power – the energy beyond 12eV are 
omitted 

 

The green characteristic (corresponding 70% microwave power input) showed the highest 

proportion of electrons in the tail of the distribution (2.5eV and above). As these electrons 

are needed for the modification process, the following plasma treatments were mainly 

performed at these maximised conditions6 with a process gas pressure of 0.13mbar and a 

power input of 70%. 

The shape of the green line in the figure above can be evaluated in more detail according 

to higher electron energies. Therefore it is plotted again in figure 35 with the total length of 

the electron energy axis measured with the LANGMUIR probe. The total area corresponds 

to the electron density evaluated below. 

 

                                                           
6 Trying to minimise the EEDF leads to a distribution with its main peak at about 0.15eV and a tail up to an 
energy of about 3.5eV. This amount of energy is not sufficient for a modification of the polymer.  
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Figure 35: integral display of the optimised electron energy distribution function for a pressure of 
0.13mbar, a flow of 18sccm and a power consumption of 70% 

 

The area of the distribution function can roughly be divided into the bulk with low energy 

electrons (from zero to around 7eV) and the tail with higher energy electrons (7eV and 

above). In the next table several more energy intervals are displayed.  

 

Area Percentage 
>20eV 0.32 
17.5-20eV  0.30  
15-17.5eV  0.44  
12.5-15eV  0.65  
10-12.5eV  0.84 
7.5-10eV  1.92 
5-7.5eV 14.09 
4-5eV 13.61 
3-4eV 17.38 
2-3eV 19.27 
1-2eV 18.50 
<1eV 12.68 
Table 7: evaluation of electron energy distribution function – for several energy intervals the 
proportion of plasma electrons are given  
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It can be concluded that a significant proportion of plasma electrons have enough energy 

to perform excitation, fragmentation and ionisation reactions and that the obtained 

characteristic is different from the theoretical MAXWELLIAN shape. As not only the EEDF 

will influence the modification, but also the electron density (and from an overall point of 



view the other plasma species), this and further inner plasma parameters will be the next 

points of investigation. 

 

3.3 Further plasma parameters 
There are more aspects for the description of plasmas than the parameters discussed 

above. Important for a plasma characterisation is also the density of charge carriers. While 

negatively charged ions exist as well as multiple charged ions, the densities for ions and 

electrons need not to be equal. As these incidents are seldom referred to as single 

positively charged ions, in this work electrons and ions are summarised as charge carriers 

in consideration of quasi neutrality7. The density can be computed out of the I-V 

characteristic and varies as, for example, for different pressures of the argon process 

gases shown in figure 36. 

 

 
Figure 36: charge carrier density for different pressures – ions and electrons are not distinguished 
according to quasi neutrality  
 

The charge carrier density increases with decreasing pressures, precisely from 

1.8·1015m-3 for a pressure of 3.50mbar to a value of 3.5·1016m-3 for a pressure of 

0.13mbar. As the controlling of the pressure leads to smaller mistakes (all pressures can 

be held by an error of about 2% of their values), a variation with time is visible for the 

black line (3.5mbar). The highest charge carrier density for the so far maximised EEDF 

supports the later modification under these plasma conditions. The charge carrier density 

                                                           
7 this can be defined for multiple charged ions as e in Z n ne− ⋅ << after [Frey95] 
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rises within the first seconds because in the first sweep of the I-V characteristic the control 

unit of the LANGMUIR probe performs an automatic ranging of the current. This kind of fault 

can also be observed in the following measurements of plasma parameters. 

 

Also important for a later treatment is the influence of ions. As discussed previously, their 

energy should be estimated as too small to have an impact on the polymer modification, 

but through the bombardment of the surface with electrons a sheath region is created, 

resulting in an electric field [Vale00]. 

 

In this field the ions are accelerated toward the surface and this gain of energy exceeds 

the amount from the microwave field (it was quoted in table 2 to be 0.04eV). So the 

observed difference between floating potential Vfl and plasma potential Vpl gives 

experimentally the energy of the ions.  

 
Figure 37: floating potential and plasma potential 

 

The figure above shows the time dependencies of both values for the argon microwave 

plasma under constant outer conditions. The potentials stay nearly constant with time due 

to a stable discharge. This difference of 1eV to 1.5eV is  typical for the measurements, 

although the potentials vary in their values. Further measurements have shown that the 

potentials decrease with increasing pressure which is in agreement to other studies 

[ChFu00].  
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The next figure represents the variation of the plasma potential according to the input 

power for the different outer parameters. The input power was lowered from 100% (green 

line) over 70% (red line) to 40% (blue line). 

 
Figure 38: characteristic of the plasma potential for different power consumption 

 

The change in power of the microwave excitation has a greater influence on the charge 

carrier density (see figure 39) and the potentials than for the shape of the EEDF. The time 

dependent plasma potential behaviour is displayed there for different power consumption, 

varying again from 100% (green line) over 70% (red line) to 40% (blue line). 

 
Figure 39: charge carrier density for different power consumption 
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Figure 39 shows the total charge carrier density according to the microwave excitation 

power. The total density rises from 1.35·1016m-3 for 40% of the maximum power 

absorption to 2.03·1016m-3 for 100% of it while the rising seems to be equidistant. Values 

below 40% of the total injection power lead experimentally to a breakdown of the 

discharge.  

This result conflicts with the previous considerations to optimise the charge carrier density 

and the shape of the EEDF simultaneously. A higher power consumption leads to a higher 

density of electrons but the proportion of high kinetic electrons declines. In the same way 

the next graph (figure 40), displaying the charge carrier density according to the gas flow 

rate, also conflicts with the previously selected plasma parameters with an argon flow of 

18sccm. 

 

 
Figure 40: charge carrier density according to the gas flow rate 

 

The implications from the last graphs show that the optimisation of plasma parameters is a 

question of balancing the importance of the EEDF on one side with the need for a high 

charge carrier density on the other side. In the further considerations the aspect of the 

EEDF shape was preferred because the disadvantage of a lower charge carrier density 

can be compensated by a longer treatment time. For an industrial application this may be 

vice versa. 

 

As shown in the previous figures the charge carrier density is dependent on the three 

outer parameter gas flow, pressure and power input. With the previously displayed data 
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and some further measurements this behaviour can be summarised by three-dimensional 

plots, displayed in the following graphs. Each graph showing the gas flow and a second 

parameter.  

 

 
Figure 41 : charge carrier density according to argon flow and power input 

 

Figure 41 shows a small rise of charge carrier density with a higher power consumption, 

but a stronger effect is obtained for smaller argon flow. 
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Figure 42: charge carrier density according to argon flow and pressure 



Smaller argon pressure leads also to higher densities for charger carries, but the 

correlation with the argon flow is less distinctive (see figure 42). Both graphs confirm that 

the parameters are nearly optimised for the discharge concerning the charge carrier 

density. 

 

One aspect not taken into full consideration so far is how far an electron removed from the 

ion in the oscillating field of a microwave discharge. The answer gives a parameter called 

DEBYE length, which can also be computed from the I-V-graph. Figure 43 presents some 

of these lengths according to the process gas flow. 

 

 
Figure 43: DEBYE length according to the process gas flow 

 

The graph shows that the DEBYE length decreases with rising process gas flow, but varies 

only slightly around 6·10-6m. For the treatment conditions a rounded DEBYE length of 

10-5m should be kept in mind. 

 

Several further measurements concerning these plasma parameters have been performed 

and fit to the plasma theory [Roos91], but as they are not relevant to the following 

considerations they will not be displayed.  
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3.4 Consequences for the treatment 
Analysing the measurements of inner plasma parameters leads to some ideas for the 

following procedure. These include an estimation of the electron bombardment on the 

surface as well as the construction of a special sample holder. 

 

The information of the inner plasma parameters will now be used to calculate an electron 

current similar to the influence of plasma electrons. This is necessary because the 

polymer surface will later be modified with electrons from a charge neutralisation source to 

simulate the same reactions as in a plasma treatment.  

For the electron treatment of the surface a charge neutralisation electron source (LEG41, 

VG Microtech) was used. The electrons are created by the EDISON effect and were 

focussed and separated according to their kinetic energy. The main advantage of this 

device is the treatment of small spots at very low electron energies.  

 

 
Figure 44: schematic view of the derivatisation chamber – next to the inlet for the gaseous 
derivatisation substances, the samples can also be treated with electrons in this chamber 

 

Typical values for the optimised plasma were an electron density of 1016 electrons per m3 

and a DEBYE length of 10-5m for the default frequency of 2.45⋅109Hz. As the DEBYE length 

refers to the screening of an electrical field for an ion, it can be seen as a distance in 

which electrons can interact with the surface. Regarding the electrons as completely free, 

a stream of 1011electrons passing an area of 1m2 per slice with the thickness of a DEBYE 

length (or in other words 1.2⋅1020 electrons hitting a surface area of 1m2 within one second 
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for the microwave excitation). This means for a typical treatment area of the charge 

neutralisation source, 1.2⋅1014 electrons impinge an area of 1mm² per second. 

Balancing out the values for the LEG41, its target current corresponds to 6⋅1012 electrons 

per second with a beam focus of 0.5mm in diameter at a distance of 20mm. Figuring out 

these geometrical factors, the corresponding treated surface amounts to 2⋅10-7m2. 

Supposing that the electrons are also not trapped by the surface, the stream through the 

surface can be calculated as 3⋅1013 electrons hitting an area of 1mm² per second. Under 

these assumptions a four times longer treatment time with electrons should lead to the 

same modification. 

These values for the electron gun will later be applied in the modification, measured by the 

x-ray photoelectron spectroscopy and the atomic force microscopy. 

 

From the determined data, an experiment with correlated values for the modelling of the 

electron influence can be set up. But next to the modification with electrons, the influence 

of the particles can be prevented. The idea behind this is to cover the sample with a 

transparent crystal window for the plasma radiation. For the construction of an appropriate 

sample holder it has to be taken into account that neither the UV-radiation can be 

measured with the existing set-up nor can the UV-effect be simulated. Therefore the 

polymer will be treated simultaneously by the radiation and the plasma. These results can 

be compared with the separate electron modified polymer. Also a combination of UV and 

electron treatment can be arranged.  

 
Figure 45: schematic set-up and photo of the constructed sample holder 
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With the sample holder shown above it is possible to compare the pure plasma treatment 

with the UV-light modification in one action at the same time under the same conditions. 

Even when the direct modification of the particles (electrons, ions) is prevented for the 

covered area of the polymer surface, spacers allow them to penetrate sideways to the 

radical sites below the window. 

 

For the choice of materials to cover the sample, different kinds of crystals were technically 

available. The crucial aspect here is the cut-off for the radiation, which is described in the 

next table for different materials.  
 

Material Transmission Range [µm] Photon Energy [eV] 
BaF2 0.152 – 13.200 0.094 – 8.158  
CaF2 0.122 – 10.100 0.123 – 10.164  
LiF 0.118 – 7.100 0.175 – 10.508  
MgF2 0.110 – 8.000 0.155 – 11.273  
NaF 0.130 – 12.000 0.103 – 9.538  
SrF2 0.120 – 11.200 0.111 – 10.333  
Table 8: Transmission range for different materials [Kort00]  

 

Magnesium fluoride was chosen as the crystal in this experiment because of its large 

transmission to lower wavelength. A more detailed transmission spectra for MgF2 is shown 

in figure 46. 

 

 
Figure 46: transmission of magnesium fluoride with a thickness of 10mm [www03] 

 

With this transmission range a lot of photochemical reactions are possible and a 

modification can be expected. The surface reactions are also dependant on the plasma 

process gas. While here mainly argon is used, other process gases are known to modify 

and incorporate the polymeric material. Features of the polymer surfaces therefore can be 

selectively changed under these conditions. Different surface modifications through 
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plasma influence are collected in the appendix – surface modifications for different 

process gases.  

These reactive sites will form new chemical groups after the treatment when they come 

into contact with air or other substances. All these changes in chemical composition will 

later be traced by photoelectron spectroscopy.  

The handling of the modified samples can be accomplished in two different ways: 

• in situ transfer in an activated condition of the modified polymers or 

• controlled reaction of the activated sites with chemicals, leading to inert modified 

surfaces. 

Depending on this handling, the obtained data of the modified material varies. The first 

approach shows information about existing atomic sites of the polymer. This is especially 

interesting for analysis methods, which can determine radical sites. The information 

obtained by a XPS analysis is smaller because differences between a radical and an atom 

in its ground state cannot be figured out. In-situ measurements after plasma treatment 

have been performed e.g. by MÄHL [Mähl96] [MNSB98].  

On the other hand, a controlled contamination of the modified sample will help to study the 

basic processes after an activation of a polymer surface by a plasma, electrons or 

photons. This includes ventilating the sample with air after different modifications as well 

as the previously mentioned labelling techniques with miscellaneous chemicals. These 

kinds of experiments will be presented in the following chapter. 



4. Results and Discussion 

In this chapter XPS and AFM measurements will be presented. The photoelectron spectra 

will show the basic composition of the polymer surface and the chemical shifts will 

illustrate the effects of the different treatments. For a further understanding of the 

modification processes chemically labelled sites will be included in the discussion.  

For XPS measurements the hydrocarbon (CHx) – line will be the basic adjustment for 

identifying the chemical groups by chemical shifts. Different carbon groups have 

previously been examined by BEAMSON and BRIGGS [BeBr92] for various classes of 

polymers. Together with the work of other authors (adapted from their results) these 

binding energies were used as a reference for the photoelectron measurements.  

When there is only a small shift in the binding energy between two groups, it is sometimes 

hard to distinguish between chemical groups. As long as the modified polymer is unknown 

in its composition, these groups cannot be identified anyway. 

 

  
Figure 47: binding energies of different carbon groups -  those who are surrounded by a box cannot 
be distinguished [BeBr92] 

 

To overcome this problem, either the resolution of the spectrometer must be enhanced or 

the interesting groups must be labelled in a chemical reaction. The first approach requires 

technical innovation and expenditure, which is not available at the present time. In the 

future one can think about better analysers, but the half width of the x-ray radiation is still 
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optimal with the laboratory facility and its monochromator. Other light sources such as a 

synchrotron can provide radiation with smaller half widths.  

Therefore the interesting chemical groups will be modified in this work. In principal, the 

best results can be achieved if the reaction product consists of atoms other than those 

from the untreated material. It also has to be considered that the chemical reaction is 

sensitive to only one chemical surrounding and does not react with a multitude of groups 

or atoms. Double bonds can be labelled with bromine, which opens the bond and is 

attached to it. 

The change in behaviour of a polymer material can be attributed to chemical modification 

(the formation of radicals, incorporation of new chemical species, removing of 

contaminants) or physical changes (electrical and thermal conductivity, surface charging), 

but also the topography of a modified polymer or other mechanical properties (roughness, 

elasticity) influences the properties of these materials and therefore these aspects were 

investigated with an AFM.  

 

4.1 Characterisation of basic modifications 
First of all the basic materials must be analysed in order to testify its purity. And it is 

likewise necessary to compare these pure materials with the resulting spectra or 

topographies after the treatments. These differences represent a kind of “macroscopic” 

aspect of the modification. 

In this experiments Polyethylene and Polypropylene are used, the analysis with XPS 

seems adequate. Both polymers are available in form of foils and as granular material. 

The Polyethylene (Standard Reference Material 1482, linear PE, Mw 13,600) and the  

Polypropylene (Goodfellow, isotactical PP, LS 139293 N L, PP 306300/2) were dissolved 

in toluol and then spin-coated on a silicon wafer or on mica. The foils of the polymers were 

products of a local company without plasticizers and an oxygen concentration at the 

surface below the detection level (about 0.1 at.%). More about the polymer structures and 

fabrication can be found in the appendix – polymers.  

 

4.1.1 Untreated Polyethylene and Polypropylene 

The basic modifications will be studied with the simplest polymer available: Polyethylene 

(PE). Below also measurements with Polypropylene (PP) will be presented. Other 

polymers have been also investigated but did not lead to any further information for the 

basic modification processes than those displayed here.  



In order to detect the chemical changes for the different treatments, highly resolved x-ray 

photoelectron spectra of the unmodified PE were obtained.  

 
Figure 48 : survey and highly resolved x-ray photoelectron spectra of unmodified Polyethylene foil 

 

From the top to the bottom one can figure out a survey spectrum, the carbon 1s region 

and valence band area. Hydrogen has a very small photoelectron cross section and 

therefore it cannot be traced with laboratory equipment. As expected for untreated PE, the 

survey spectrum only shows the signal from carbon atoms. The shapes can be assigned 

to the AUGER KL23L23 signal at a binding energy of 1223eV, the carbon 1s line at 285eV 

and the 2s and 2p structures at around 6.5eV, 13.5eV and 19eV. The C1s spectrum 

displays a single line for the CHx-groups. When additionally double bonds occur in the 

polymer structure, a region around a binding energy of 292eV will show a signal according 

to π→π* transitions. As these transitions do not occur in the measurement, one can 
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conclude the exclusion of this type of bond. The valence band region with the 2s and 2p 

structures is nicely resolved in this measurement and shows the typical shape for this 

polymer [BeBr92]. 

As this material shows no impurities, every change in composition later must result from 

the treatments. Similar spectra were obtained for spin coated polymer films. 

  

A glance at the structural aspects shows a typical structure for polymer foils. The 

untreated foil shows some coarse grains, some flat areas and regions which look like 

bubbles (left picture of figure 49). All graphs by the atomic force microscope were 

analysed by WSxM software [www02]. The height differences after removing the tilt are up 

to 140nm. The height varies in a GAUSSIAN shaped distribution (on the right top of next 

figure) while the diameter of the grain size varies between 0.15 and 0.38µm (on the right 

bottom of the figure). 

 

 
Figure 49 : unmodified PE foil viewed by atomic force microscopy 

 

The image of the untreated PE foil looks similar to other published scanning force images 

of unmodified Polyethylene like e.g. [ShMö95]. 
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The structure of Polypropylene shows a higher branching of its chemical constitution (see 

appendix - polymers) compared with the PE. This material will be used for the oxygen 

plasma treatment and for some advanced modification in chapter 4.2.  

The XPS survey of the unmodified PP shows the expected carbon 1s line aligned with a 

binding energy of 285eV and a very small but visible oxygen 1s line.  

 
Figure 50: survey and highly resolved x-ray photoelectron spectra of unmodified Polypropylene foil  

 

As the oxygen signal is less than 0.1at.% and this low-level oxidation does not influence 

the shape of the carbon 1s signal it will be excluded for the following analysis. The 

valence band area looks similar to the measurements of BEAMSON and BRIGGS [BeBr92] 

with the carbon 2s region between 5 and 12eV and three lines with binding energies of 

13.5, 16.5 and 19.5eV.  
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The geometrical structure is different from those of PE. Here several furrows can be made 

out – obviously resulting from the production process. The grooves are irregular in their 

latitude.  

 

 
Figure 51: unmodified PP foil viewed by atomic force microscopy 

 

The height differences are up to 80nm and the size of the furrows varies between 0.18 

and 0.69µm. There are also smaller splines with sizes less than 50nm. 

 

4.1.2 UV Treatment 

The treatment with radiation covers one aspect of a plasma modification. The special 

features of interaction between UV radiation and polymer materials include deep 

penetration of several µm into the material and photochemical processes.  

The sample was covered with the MgF2-window on top of the polymer as explained in 

chapter 3.4, hindering the particle effects, and treated for 60 minutes while next to it the 

Polyethylene was directly exposed to the plasma influence (these results will be presented 

in the following). After the treatment, the plasma chamber was flooded with air to allow the 

passivation of the activated sites of the polymer. As the atmosphere mainly consists of 

nitrogen and oxygen (other species play only a minor role), the resulting spectra of the 
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experiment should include some traces of these elements in the form of newly created 

groups. As the basic material is free from those elements, an occurrence directly confirms 

these passivation reactions. 

The surface reactions are manifold and far more complex than the possible reactions 

inside an inert gas discharge [Somo94]. These reactions range from the simple reflection 

on the wall over different kinds of absorption to the formation of bonds with the surface 

atoms or the etching of the polymer. For the purpose of adsorbing these particles, they 

can also diffuse along the surface or into the bulk. Furthermore, they can react with 

already absorbed species or with surface atoms of the solid material in order to form new 

molecules. Depending on the binding energy of the particles, they may finally desorp back 

again into the gas phase or stick to the surface by forming a growing film.  

Some of the so far enumerated reactions lead to a persistent chemical or structural 

change of the surface. These effects also depend on a passive or activated surface site 

and the kinetic energy of the approaching atom or molecule. Raising the kinetic energy of 

these particles over their thermal ones allows even more reactions to occur, like surface 

activation, bulk effects like implantation [Öchs97] or damaging or sputtering with several 

secondary processes (see figure 52). 

 

 
Figure 52: surface reactions and processes enhanced by particle bombardment [Kers01] 

 

Most lasting changes of the polymer surface requires the formation of activated sites or 

even radical sites. This formation results from the interaction of the polymer with plasma 

photons or electrons. A free radical is an atom with an odd number of electrons and 

therefore such radicals are highly reactive. Reactions with radicals contain three stages: 
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the creation, the change of the electron location and the extinction. In a surface 

modification, the radicals occur in the main and side chains of the polymer.  

If one considers the chemical bond as a pair of electrons, this bond can be broken in two 

ways: 

• both electrons remain on one of the fragments (this leads to ions) A-B → A+ + B- 

• the binding electrons distribute on both atoms (this leads to radicals) A-B → A• + B• 

 

The positions for a possible breakage of a bond in Polyethylene are the hydrogen-

containing side chains as well as the main chain between two carbon atoms. These are 

displayed in figure 53. The solid bond symbol points out of the paper towards the reader 

while the dashed bond symbol points inside the paper. In addition, for Polypropylene the 

hydrocarbon side chain can break. 

 

 
Figure 53: schematic part of a Polyethylene chain – the red lines mark positions for a bondage break 
resulting in primary radicals (main chain) and secondary radicals (side chain) 

 

While in most cases the bonds are re-established after a breakage, in some cases the 

chains can be separated from the polymer and are then free to move. Near the surface 

chains which are especially short will be pumped away or migrate into the discharge and 

react there. Free groups inside the bulk move more or less quickly through the polymer 

until they find a suitable reaction partner or reach the surface and leave the polymer. The 

resulting radical sites at the polymer can be divided into three groups according to the 

number of rest groups in the vicinity. More information about radicals can be found at 

[LBP60a] [LBP60b] [SeTa72] while combined reactions like are discussed at [Keud00] 

[SSKJ00].  

 

The polymer has experienced some of the previously discussed reactions due to the 

treatment with UV light. As some activated sites should still be present at the polymer 

surface, they are supposed to interact with the air when coming into contact with it. 
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Figure 54: survey and highly resolved x-ray photoelectron spectra of UV modified and with air 
ventilated Polyethylene foil 
 

As expected for UV treated PE foil, the survey spectrum at the top of figure 54 is extended 

by signals from oxygen and nitrogen. From the other graphs one can see the high 
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resolution spectra of carbon 1s, oxygen 1s and nitrogen 1s. The valence band area, which 

is not displayed in the figure, shows in addition to the carbon 2s and 2p structures, like 

those of the untreated PE, a small shape around 26eV. This line corresponds to the 

oxygen 2s signal. The change of the spectrum could be caused by a multitude of 

reactions, starting from changes in the inner structure of the polymer and leading to 

various formations of chemical functional molecular groups containing oxygen and 

nitrogen. 

The C1s spectrum displays here not only a single line for the CHx-groups, but a small tail 

of photoelectron intensity with higher binding energies. These result from the chemical 

shift for oxygen containing carbon groups. In the following paragraph we will go into more 

detail about this feature.  

The oxygen 1s signal appears at a binding energy of 532.5eV and shows a relatively 

broad shape, which possibly contains more than one chemical surrounding. Even the 

AUGER KL23L23 signal of the oxygen can be figured out easily at a binding energy of about 

978eV. The less intense KL1L23 and KL1L1 lines with binding energies of 999eV and 

1013eV vanish within the background noise. 

One can consider hydroxyl (in the following abbreviated with CO) and carbonyl (C=O) side 

chains when allowing a range of 0.3eV around this binding energy as the real source for 

this signal. As both groups are likely to be formed and the carbon spectra shows a tail to 

higher binding energies, both kinds of groups will be fitted.  

The atomic concentrations are 94.4at.% for the carbon, 5.1at.% for the oxygen and 

0.5at.% for the nitrogen. The reason for the higher concentration of oxygen rather than 

nitrogen after ventilating the treated surface with air could be the higher reactivity of the 

oxygen according to the electronegativity of this element. Good grounds for this 

presumption would are comparable diffusion rates of oxygen and nitrogen through the 

polymer. 

 

Even if the nitrogen concentration is small in comparison to the other element signals, it 

must be evaluated carefully. First of all its chemical surrounding must be identified. The 

nitrogen 1s line has a maximum of binding energy at about 399.4eV. Comparing this value 

with the different nitrogen containing groups displayed in the following graph according to 

their binding energy8, this structure can be identified clearly as a nitrile group (C-C ≡ N), 

but a fraction of oxime (C=NOH) could not be excluded. 

                                                           
8 Later in chapter 4.2.2 the sources of these values as well as additional aspects will be given.  
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Figure 55 : different nitrogen species according to their binding energies 

 

Due to the intensity of the nitrogen signal being very small, it will not be taken into 

consideration when fitting different chemical groups to the carbon signal. This fitting was 

done with Origin and a program called SimPeak, which was developed in our group. For 

each of the expected groups in the chemical structure a separate peak will be estimated. 

Next to the background subtraction the full width at half maximum was set for all fits 

equally while the intensity and the binding energy could be adopted arbitrarily by the 

program.  

According to the considerations made so far (especially as a result of the small shift in 

binding energy) the carbon 1s signal will be fitted in the following way with three lines 

corresponding to the hydrocarbons (CHx), the hydroxyl (CO) and the carbonyl (C=O) 

groups. Although carboxyl (CO2) groups might occur after the treatment, their intensity is 

too small to be traced in the measurements and they get lost in the noise signal. After 

several theoretical considerations and the results from MÄHL, this fitting procedure seems 

to be reasonable [MÄHL97].  

As the geometry with the angle of incidence for the radiation and the emission angle for 

the electrons is fixed by the set-up, different information depths can be obtained by tilting 

the sample holder (see chapter 2.1.2 – experimental conditions of XPS). The next figure 

shows the data of high resolution XPS under several emission angles: at the top a steep 

angle with 75°, in the middle the normal emission (45°) and below a flat angle with 15°. 

Each graph consists of a plot of the measurements (black) and the fit corresponding to the 

carbon chemical surrounding of CHx(blue), CO (red) and C=O groups (green). 
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Figure 56 : angle resolved XPS carbon 1s-line of UV modified and with air ventilated Polyethylene foil 

 

There is only a small change in the concentration of the three investigated carbon 

containing groups. The polymer sample therefore seems to be uniformly modified referred 

to the analysis depth of the XPS measurements (see figure 1). The next graph will 

compare these results. 
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Figure 57: angle resolved XPS of UV modified PE 

 

As the emission angles contain a measure for the depth of the analysed layer, a higher 

value is connected to a thinner layer. From the figure 57 it can be concluded that the 

treatment with radiation does not vary very much in the depth distribution of the newly 

created chemical groups either in quantity or quality. The concentration of the CO and 

C=O surroundings rise only slightly for higher angles, so that throughout the analysis 

depth of XPS the sample is modified. As there was no angular dependence for other 

treatment times, this effect can be attributed to the photolysis effects.  

Some further experimental aspects must also be considered. First one can expect some 

absorption of the UV light by the crystal window, which leads to a smaller modification 

referred to the direct plasma treatment. As the absorption of the radiation is dependent on 

the frequencies, this aspect has to be investigated in more detail later.  

Secondly, measurements with different treatment durations have been obtained. The 

results can be summarised by observing that the ratio of oxygen and nitrogen 

concentrations stay constant with time while the overall concentration of these groups 

rises (up to 8% oxygen and about 2% nitrogen after 120minutes of treatment time).  

Interesting further aspects for UV modifications as well as several references can be 

found with CHAN et al. [CKH96]. 
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Next some structural changes will be observed by AFM measurements. The grain size 

varies between 0.23 and 0.48µm. Compared with the untreated material, the foil reveals 

far smoother grain sizes. This observation is strengthened by narrow height distribution of 

the histogram. 

 
Figure 58 : UV modified PE foil viewed by atomic force microscopy 

 

Further aspects of the modification processes will become clearer by obtaining XPS and 

AFM measurements for the plasma and electron modification. Especially if the polymer 

signal shows an angular dependence after plasma treatment, at least a part of it must be 

caused by particles. 

 

4.1.3 Plasma Treatment 

For the plasma treatment mainly argon was used as the process gas. The conditions of 

the discharge correspond to the optimised values mentioned in the previous chapter. After 

a detailed discussion of the modifications in an argon plasma, effects with other process 

gases on a Polyethylene surface will be briefly shown. Examining the survey spectra after 

60 minutes of argon plasma treatment and ventilation with air immediately afterwards, the 

elements - carbon, oxygen and nitrogen - are found with decreasing concentrations at the 

polymer surface. For these elements high resolution XPS measurements were obtained. 
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Their formation can be explained by similar arguments to those for the UV modification. 

Next to the composition of the atmosphere, impurities of the process gas or on the walls of 

the plasma chamber can be incorporated in chemical groups. These effects have been 

reported after in situ experiments [Mähl97]. 

 

 
Figure 59 : survey and highly resolved x-ray photoelectron spectra of argon plasma modified and 
with air ventilated Polyethylene foil 
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The carbon 1s line in figure 59 shows, next to the main area for hydrocarbon surrounding, 

a portion for different oxygen and nitrogen containing groups.  

Also here the oxygen 1s line directly shows no splitting, but an unsymmetrical shape and 

a broadening of the half width the same as after radiation. The overall concentration of the 

oxygen is higher than after the same treatment time with the UV light, so it definitely leads 

to a different modification. The difference must result from absorption of light in the crystal 

window or it can be attributed to the particle effects, which are missing in the previously 

presented results. 

Also fitting the spectra with two lines here around the binding energy of 532.6eV gives a 

more intense peak with 77.6% of the signal intensity at a typical position for the oxygen of 

a hydroxyl group with 533.3eV binding energy  and a less intense one corresponding to a 

carbonyl group at a binding energy of  532.2eV with 22.4% of the signal.  

The nitrogen 1s line with a maximum at the binding energy of 400.3eV corresponds to 

oxime groups, but as for the shape of the oxygen line, some ratio of nitrile groups can 

possibly hide in the spectrum. 

To compare the argon plasma treatment with the UV (and the later electron) modifications 

for different layer depths, the carbon main line must also be investigated from different 

angles which has been done in figure 60. 



 
Figure 60: highly resolved x-ray photoelectron carbon 1s-spectra of argon plasma modified and with 
air ventilated Polyethylene foil under different angles (from top to bottom 75°, 45° and 15°) 

 

The evaluated carbon groups show different distributions for the varying angles of electron 

emission. When these values are plotted against the angle of emergence, it looks like as 

displayed in the next graph. 
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Figure 61 : different carbon groups after plasma treatment according to the incidence angle 

 

The evaluation of figure 61 shows a light angle dependence for the total oxygen signal 

and the hydroxyl oxygen signal, while the concentration of carbonyl groups is reduced a 

bit. These values compared with the oxygen 1s line are in good agreement because they 

give for the more intense CO groups a concentration of 79.8% of the total additional 

groups while the less intense peak from the C=O groups give 20.2% of it. 

 

Also the different newly attached elements can be listed according to the angle of 

analysis. For the UV-treatment the nitrogen concentration was too small to do this in an 

accurate way. The atomic concentration in relation to the angle of emergence shows the 

following distribution. Also more angles will be displayed to view the permeation of the air 

compounds. 

 

Angle of analysis [C1s] [O1s] [N1s] 
15° (thick layer) 85.19 12.24 2.57 
30° 81.64 15.16 3.20 
45° 80.84 15.69 3.47 
60° 79.74 16.29 3.97 
75° (thin layer) 79.79 16.14 4.07 
Table 9: different elemental distribution 
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One can conclude that with thinner layers at the surface the concentration of carbon 

decreases while those for oxygen and nitrogen rise while in deeper areas of the sample 

the concentration of these newly created groups diminishes. The percentage rise of the 

oxygen and nitrogen concentration seems to be identical so two points can be concluded: 

• the main effect lies on the after treatment contamination and not on impurities of the 

process gas and  

• none of them shows a preferred permeability through the first layers of the polymer 

(otherwise an agglomeration of one element should be visible).  

 

The structural analysis displayed in figure 62 reveals a different topography from that of 

the untreated material as well as from that of the UV modified polymer.  

 
Figure 62 : plasma modified PE foil viewed by atomic force microscopy 

 

Here small grains are visible in a smoothed surrounding with sizes between 0.22 and 

0.41µm. It seems in a way that the plasma treatment is a combination of the smoothing 

UV effects and a kind of keying. In the histogram these effects are both visible by the 

broadened distribution towards the UV treatment, but still narrower than the untreated 

material. 
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Oxygen Plasma Treatment 

Next the XPS spectra for two different process gases for the plasma treatment will be 

presented – oxygen and nitrogen. The plasma conditions are the same as above and the 

sample is also ventilated with air directly after the treatment, but Polypropylene was used 

as material for the oxygen plasma treatment and the modification time was reduced to 10 

seconds to spare on one hand the pumping system from aggressive oxygen radicals. On 

the other hand oxygen will functionalise the surface so that only seconds of treatment are 

sufficient for a clear modification of the surface.  

 
Figure 63: survey and highly resolved x-ray photoelectron spectra of oxygen plasma modified and 
with air ventilated Polypropylene foil 
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First a survey spectrum was obtained (see figure 63 above). As only carbon and oxygen 

lines appear without any nitrogen groups, it seems that species in the oxygen plasma 

react within a short time with the activated surface sites. The less intense oxygen line 

compared with the argon plasma treatment can be attributed to the short treatment time. 

The reason for the absence of the nitrogen must be found in the reaction times of the 

different occurring processes. So the created radicals on the polymer are long since 

passivated when the nitrogen from the air appears. The question whether all reactive sites 

are quenched from the oxygen discharge or if the reaction occurs with the oxygen in the 

residual gas cannot be answered in this experiment. Such an investigation would be 

difficult for some aspects, especially because of the oxygen residual gas pressure. 

Another possibility could be a forced breakdown of the discharge, but this cannot be 

realised because the plasma particles are too close to the sample.  

The high resolution spectra of carbon shows the typical tail towards higher binding 

energies, caused by the chemical shift through oxygen. Also the oxygen 1s line appears 

with a typical binding energy of 532.9eV which include signal intensity for single and 

double bonds with the carbon. 

Additionally the valence band area is displayed, but comparing it with other valence band 

structures is difficult because these are listed in references like [BeBr92] as pure materials 

while the modified polymer consists of several groups, each of them adding a part to the 

overall signal. The structure reminds of the smeared out shape of the reference material 

(see figure 50 for a comparison) with the carbon 2s and 2p structures and an additional 

signal at a binding energy of around 26eV resulting from the oxygen 2s peak. 

 

 

Nitrogen Plasma Treatment 

Using nitrogen (purity>99.999vol.%, Messer Griesheim) itself as a process gas leads to 

the following spectra. The conditions of the discharge process are the same as in the 

previous plasma experiment, except the treatment time was set to 10 minutes.  



 
Figure 64: survey and highly resolved x-ray photoelectron spectra of nitrogen plasma modified and 
with air ventilated Polyethylene foil 
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Here the highest nitrogen concentrations for all experiments can be found, and also a 

rather high concentration of oxygen. It seems likely that the nitrogen is placed at the 

surface near regions while ventilating with air afterwards leads to passivation reactions 

inside the polymer, in which nitrogen and oxygen are involved. Also here its reactivity 

leads to several oxygen containing molecular groups. Conclusive results cannot be 

presented because for this treatment no angular dependence was obtained. 



The valence band area will be presented and analysed in chapter 4.1.5. together with the 

one after electron treatment. 

 

4.1.4 Electron Treatment 

The electron treatment is performed with a LEG41 electron gun under UHV conditions. 

The polymer is placed at a distance of about 50mm away from the device and was treated 

for 10 minutes with 12eV electrons at a current of 3µA. Immediately after the treatment, 

the sample was ventilated with air. The next figure plots the recorded x-ray photoelectron 

measurements. 

 
Figure 65: survey and highly resolved x-ray photoelectron spectra of electron modified and with air 
ventilated Polyethylene foil 
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Even the electron treatment leads to a small change in the chemical composition of the 

surface compared with the untreated material. Next to the carbon 1s line a small oxygen 

1s line appears, which again can be caused by a multitude of possible reactions.  

To examine the change in more detail, first the new composition of the modified material is 

observed. The concentration of carbon falls from 100at.% of the basic material to a 

concentration of 99.28at.% carbon and 0.72at.% oxygen after a treatment time of 600 

seconds under the conditions described previously in chapter 3.4. 

The oxygen 2s line can only be estimated as a bending of the plotted measurements at 

the binding energy of about 27eV due to the poor concentration of oxygen. The same is 

valid for the Auger KVV line. As the measurements for the previous modifications show a 

higher ratio of oxygen concentration towards nitrogen containing groups, it is not 

surprising that the activated surface reacts mainly with oxygen and therefore no nitrogen 

signal is observable.  

Regarding the carbon, one can again try to fit three chemical surroundings for this carbon 

line. The predominant one results from the hydrocarbons while the atomic concentrations 

of the CO and C=O groups with 0.32at.% and 0.40at.% are poor and almost uniform in 

their values. 

To be even more precise when referring to the surface sensitivity, again the carbon 1s line 

is analysed both under a flat and a steep angle towards the electron analyser, so a 

relatively thin layer respectively a thick layer of the material is investigated. Two high 

resolution spectra for the carbon 1s line under 15° and 75° are shown in the next figure. 

 



 
Figure 66: angle resolved XPS carbon 1s-line of electron modified and with air ventilated 
Polyethylene foil 

 

While the measurements for electron treatment only reveal a small amount of oxygen 

(about 1% at maximum), nevertheless they are evaluated and displayed in figure 67 for 

the different chemical groups. Anyhow, they should only be seen as an indication of angle 

dependent incorporation of oxygen containing groups. 
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Figure 67 : angle distribution of different carbon groups after electron modification 

 

One can see that chemical groups are created near the surface region of the polymer 

sample because the relative concentration of oxygen for the thin layer is 2.5 times larger 

than for the thick layer. The angle resolved measurements for this kind of treatment are 

therefore completely different from those of the UV treatment, but can explain the light 

angular dependence of the plasma treatment when this modification is considered as a 

combination of photon and electron effects. 
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Figure 68 : electron modified PE foil viewed by atomic force microscopy 
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The structural analysis of the electron modified PE foil in figure 68 is also very informative. 

Basically it reveals far smaller grains than those of the untreated material with sizes 

between 0.09 and 0.30µm. It seems that the surface is roughened through these finer 

structures but in a very uniform manner, as one can see by the histogram data.  

 

These and further structural effects will be compared with each other next, together with 

some comparisons concerning the chemical change and the elasticity of the modified 

polymers. 

 

4.1.5 Further Measurements and Comparisons  

While all treatments lead to a modification of the polymer surface, the individual changes 

in the chemical composition and their topography are quite different. So far our knowledge 

can be summarised that the treatments show different concentrations of newly created 

groups at the surface, the modification depth varies for the treatments and the topography 

shows quite different structures. Several other aspects of the modifications are still 

unanswered, like the influence of treatment time (especially if the plasma process can be 

modelled by a longer irradiation with UV light) as even for short treatment times changes 

in the chemical composition are reported [Mähl97]. The changes of the valence band area 

will be discussed briefly for electron and nitrogen plasma treatment. And concerning the 

structure of the treated polymers phase images and force distance curves will also be 

shown.  

 

At first the processing time for the next experiments was reduced to 30 minutes, which 

leads in the survey spectra to smaller fractions of newly created chemical functional 

molecular groups next to the dominating carbon 1s line. The typical AUGER signals for 

carbon and oxygen also appear. The nitrogen peak in the UV treated survey vanishes 

completely, while a small signal can be made out after the argon plasma treatment.  



 
Figure 69: comparison of plasma and UV treatment for 30 minutes 

 

Evaluating the modified polymers in the high resolution mode of the photoelectron 

spectrometer under a steep angle (according to surface near layers), the two modified 

Polyethylene foils in figure 69 show the following composition:  

 

Element UV treatment Plasma treatment 
Cabon 95.3at.% 83.2at.%
Oxygen 4.3at.% 14.7at.%
Nitrogen 0.4at.% 2.1at.%
Table 10: comparison of angle resolved plasma and UV treatment 

 

A short comparison of these relative intensities will answer the question if even for the 

topmost surface layers a plasma treatment can be achieved with purely radiation effects 

(maybe with a longer treatment). In the high resolution spectra a small nitrogen signal of 

0.4at.% can be found for the UV treatment, while the relative signal after the plasma 

treatment is more than five times larger. Also the oxygen 1s intensity of the plasma 

treatment dominates the one for photolysis reactions, but here the corresponding 

concentration is only three and a half times larger. The hypothesis of a simple blocking of 

the reaction because of the crystal window can be rejected according to the evaluation of 
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these measurements. Both kinds of treatment lead in principle to different chemical 

changes of the surface.  

Therefore it can be concluded that the effects of a longer processing with UV treatment 

cannot be matched with the modification of an argon plasma (like 60 minutes treatment 

time – see previous measurements). Focusing on the depth of the modification (examined 

by different emission angles) gives the same picture because the distribution of the 

chemical functional groups is different for both treatments. 

Also here the carbon 1s signal was fitted with three lines, resulting from the CHx, the CO 

and the C=O groups. The fraction of relative intensities between the oxygen containing 

groups [hydroxyl]:[carbonyl] varies between the UV (1.68) and the plasma modification 

(1.84). This discrepancy was found also for shorter treatments down to 5 seconds 

treatment time. 

To summarise the comparison between UV and plasma modification, two effects show up 

for: the angle dependencies of plasma and UV treatment are different and the composition 

of a plasma modification cannot exactly be generated by pure UV treatment (even with a 

different treatment time). 

 

As the next aspect some valence band areas are regarded in more detail. Figure 70 

shows the untreated Polyethylene foil (chapter 4.1.1) together with the ones after electron 

treatment (chapter 4.1.4) and after nitrogen plasma treatment (chapter 4.1.3)  

 

 97



Figure 70: XPS valence band spectra of untreated, electron and nitrogen plasma treated 
Polyethylene foils 
The spectra of the treated PE foils show on one hand all the carbon 2s and 2p structures 

known by the untreated material. It can be therefore assumed that the newly incorporated 

groups mainly occur in the side-chains while the polymer main chain stay unchanged 

(reasons for that will be discussed in chapter 4.2.2).  

On the other hand the splitting of the C 2s is not as distinct as without treatment, so 

several other groups can be incorporated to the previous structure. Adding characteristic 

valence band lines of other polymers, like a combination of Poly(vinyl methyl ether) and 

Poly(vinyl alcohol), with the original PE can result in a similar spectrum as the measured 

ones. Pure hydrocarbons groups are also possible to cause the changes in the structures.  

For the nitrogen plasma treatment this is especially relevant as the signal for the oxygen 

2s appears at a binding energy of 26eV and possibly the nitrogen 2s signal is hidden in 

the lower energy edge of the O 2s peak. To explain these lines, further functional groups 

must be taken into consideration like Polyacrylonitrile (PAN) or Polymethacrylamide 

(PMAM).  

The valence band spectra for these compounds can be looked up at [BeBr92]. A 

quantitative analysis of the valence band structure is impossible as the concentrations of 

possible end groups are unknown. 

 

 

After showing several results for the different treatments, some additional measurements 

will be presented to confirm the results. The next aspect deals with the question whether 

sputtering of the material occurred or not. For coating processes the film thickness could 

be monitored by a crystal micro-balance based on the phenomenon that the resonance 

frequency νq of a quartz crystal wafer depends on the thickness xq and the velocity vq of 

the shearing threshold. Therefore the following relation [Lu75] can be applied 
2
v

x q
qq =⋅ν . 

When the thickness of the crystal changes (due to the addition or removal of material) by 

an infinitesimal amount of dxq, the mass also changes about dmq and therefore also the 

resonance frequency. After a postulation of SAUERBREY [Saue59] the change in the little 

mass is independent from the material which is added or removed and causes the same 

shift in the resonance frequency dνq 
qq

q

m
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=
ν
ν
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From the difference of the resonance frequencies between the unmodified and the 

modified crystal one can obtain the mass of the coating ⎟⎟
⎠

⎞
⎜⎜
⎝
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WILKEN measured with this technique the ablation for several polymers under UV and 

plasma treatment [Wilk98]. In the experiments he found a high ablation for the first 

seconds, which he attributed to degassing and other effects. After 60 minutes photolysis 

time Polyethylene shows a mass loss of 0.9µg/cm², corresponding to an ablation of 9.5nm 

(the measuring error was specified with 0.07µg/cm²). The value was identical after 60 

minutes of plasma treatment in a hydrogen microwave discharge. From these values it 

can be concluded that electrons and ions don’t play a significant role in the PE ablation 

process. With 7.2µg/cm² Polypropylene shows a higher mass loss than the PE after 60 

minutes photolysis time (corresponding an ablation of 80nm). Also the value for the 

plasma treatment using the same measuring conditions was higher with 9.2µg/cm². The 

difference between these values represents a kind of measure for the sputtering effects 

for the electrons and ions. 

For our experiments the quartz of a micro-balance was coated with Polyethylene by a 

spin-coating process [Extr94]. The device was then inserted into the plasma chamber at 

the position where the sample will normally be modified. The measurements, displayed in 

the next figure, show a high ablation within the first seconds. 

 

 
Figure 71: ablation of polymer material by an argon plasma – the measurements of the micro-
balance indicate a progression with time of the degradation 
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The high degradation at the polymer surface is one reason that the treatments must not 

be described only by chemical changes but also by structural changes. The values for the 

ablation are ten times higher than those of WILKEN, but they still sound reasonable due to 

the different reactor geometry, power consumption and process gas. Another hint is the 

approach to a maximum of ablation, which is not caused by a complete removal of 

polymer material as this objection was controlled by XPS measurements.  

After several hours of plasma treatment the difference between the modified and 

unmodified areas of the micro-balance became visible. 

 

 
Figure 72 : photo and AFM measurements of the micro-balance quartz after plasma treatment – at 
the light coloured centre of the quartz the plasma could directly reach and remove the polymer, 
while towards the edge the polymer was shadowed by the set-up. 

 

One can see by the AFM measurements displayed on the right in figure 72 an overall 

smoothing of the polymer structure when comparing the results for the shadowed area 

(blue marker) with the plasma treated area (green marker). The difference in topography 

can be specified with a height range of  220nm for the untreated Polyethylene, while the 

treated one shows a difference of 110nm between valleys and hills (the investigated area 

has an edge length of 2µm). 
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For structural aspects of a surface modification more information can be obtained. First, 

by changing the scan widths further details of the structure can be investigated. The scan 

size was therefore set to 4.811µm (the numbers after the decimal place result from the 

analogue – digital converter) while the other parameters stay unchanged from the 

previous ones.  

Here are some remarks about the different signals displayed in the next figures: the sum 

signal adds all the signals of all four photodiode-segments and therefore should give a 

uniform picture as long as the movement of the tip does not leave the area of the detector. 

The error signal measures the difference between the set-point voltage and the vibration 

amplitude (wave mode) or cantilever flexure (contact mode). The phase signal, which was 

described in chapter 2.2.1, can differentiate between materials of the sample surface 

under ideal experimental conditions.  

Regarding the following images, the four different aspects of the AFM measurements 

were compared. First of all, it can be seen that all measurements show a reasonable sum 

signal (respectively the second picture from the top), so the laser beam does not leave the 

photo-detector area and therefore a systematic error for the device can be excluded.  



 
Figure 73: topography, sum, error and phase measurements of untreated Polyethylene foil with 
atomic force microscopy 

 

The AFM measurements of untreated PE give a value for the fractal dimension9 of 2.16. In 

the phase image one can see that the bigger grains have a different phase than the 

smaller ones. The signal detects also structures which can hardly be seen in the other 

images (1), while structures in those graphs vanish in the phase picture (2). The height 

differences in the topography were between hills and valleys is 140nm.  
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9 The fractal dimension of a surface gives a kind of roughness and will often be used as parameter for 
wettability experiments [Hazl90]. A fractal dimension of 2 describes an ideal plane while a value of 3 would 
represent a volume.   



 
Figure 74: topography, sum, error and phase measurements of UV treated Polyethylene foil with 
atomic force microscopy 

 

 

Compared with the topography figure of the untreated material, the bigger grains have 

disappeared, but the figure is blurred out a bit. Nevertheless the phase contrast is sharp, 

the larger grains have disappeared and a substructure, which is different from the 

topography and error signal, is revealed by the measurements. The fractal dimension 

reaches with 2.14 a lower value than the untreated material (it is also the lowest value for 

all measurements). This corresponds to a smoothest surface and is in good agreement 

with the height differences of 80nm for the topography. 
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Figure 75: topography, sum, error and phase measurements of plasma treated Polyethylene foil with 
atomic force microscopy 
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The AFM measurements here shows only one big grain with a different phase (1), known 

by the untreated foil. The fractal dimension is with a value of 2.21 much higher than the 

previous results and also here a substructure can be made out. Different from the phase 

image of the UV treatment, this texture corresponds to the topography (2). The difference 

in the topography between hills and valleys is 90nm and therefore a bit higher than for the 

UV-treatment. 



 
Figure 76 : topography, sum, error and phase measurements of electron treated Polyethylene foil 
with atomic force microscopy 

 

 

Compared with the topography figure of the untreated material, also here the bigger grains 

have disappeared. This time the substructure looks different than those of the UV 

treatment as it is like for the plasma treated polymer mainly induced by geometrical 

aspects. The fractal dimension of 2.23 is the highest value for all measurements and 

indicates a kind of “rough” surface. The difference in the topography between hills and 

valleys lays with 120nm a bit below the value for the untreated material. 
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The different treatments of polymer materials show quite different pictures of their 

topography and phase signal. From the topography and the fractal dimension, the values 

for the plasma modification range between the ones for the UV and the electron treatment.  

 

The last aspect of the structural analysis is the behaviour of a foil under stress. This value 

can be measured by force distance curves, obtained under UHV conditions with the 

Omicron STM/AFM. For the electron treatment this device could not be used so a force 

distance curve was measured in air with the Quesant Qscope 250. For the UHV 

measurements the Snap In and Snap Off points are displayed and also the adhesion 

energies were estimated by integrating the area of the dip with the corresponding force.  

 

Depending on the kind of force interaction, both the approach and retraction characteristic 

show a typical behaviour. The next figure lists some of these different characteristics to 

help in analysing the acting forces. 

 

 
Figure 77: approaching and retracting curves for different kinds of force interactions [HeHo99] 
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When the force distance measurements are applied to the polymer foils, the characteristic 

looks like the following for untreated Polyethylene: 

 
Figure 78: force distance curve for an unmodified PE foil 

 

When the tip advances towards the untreated PE foil there is no clear Snap In point but a 

small dent in the graph 78. Such behaviour is typical for soft materials because the VAN 

DER WAALS forces (figure 77.a) are overshadowed by the elastic behaviour (figure 77.d). 

Brush effects can be discounted because the sample does not show brush-like structures 

in the AFM images. Electrostatic effects can also be excluded for the shape of the force 

distance curve according to the material. 

When the tip is removed from the sample, firstly it sticks to the surface until the retraction 

force became higher than the attracting forces. The position of the Snap Off therefore is 

more distant from the sample than the Snap In and it can be recognised quite clearly.  The 

values for the distance and the forces are displayed in the following table. 

 

Position Distance [nm] Force [nN] 
Snap In 10.05 0.30
Snap Off 62.27 -0.93
Table 11: Values for Snap In and Snap Off of untreated PE 

 

For the approaching and retracting curves a kind of adhesion energy can be excluded by 

the shape of the measured line. Taking the areas of the force distance curves into 

calculation, an area of Aa=0.059nN⋅nm is covered during the approach (corresponding a 

“tiny” work of 5.87x10-20J) while the retracting line covered an area of Ar=50.38nN⋅nm 
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(corresponding a work of 5.04x10-17J). The distance between Snap In and snap off results 

to 52.22nm. 
 

The behaviour of the plasma modified PE foil is quite different from the untreated foil. The 

most obvious difference is the clear Snap In point in the force distance curve.  

 
Figure 79: force distance curve for a plasma modified PE foil 

 

This behaviour results from the VAN DER WAALS force, which seems to dominate the shape 

of the curve. When the tip is removed, it also sticks to the surface, but differently from the 

previous measurement the sticking is softer due to smaller force values respectively a 

smaller difference between both forces.  

Only the distance of 53.87nm between Snap In and Snap Off is similar to the one of the 

untreated material. The detailed values are given again in the next table for Snap In and 

Snap Off points. 
 

Position Distance [nm] Force [nN] 
Snap In -11.80 0.19
Snap Off 42.07 -0.02
Table 12: Values for Snap In and Snap Off of plasma modified PE 

 

Taking the areas of tip movement caused by forces into calculation, an area of 

Aa=0.93nN⋅nm (corresponding a work of 9.27x10-19J) is covered during approach while the 

retracting line covered an area of Ar=21.73nN⋅nm (corresponding a work of 2.17x10-17J). 

Especially the second value is remarkable because it is less than for the untreated 

material which means that retracting the tip is easier for the plasma modified polymer than 
 108 



for the original PE foil. On the other hand measurements have been presented showing a 

chemical modification of the surface with a high concentration of oxygen containing 

functional groups. As such a modification is often seen as an evidence for a better 

adhesion, this proposition is questionable due to the measurements. A possible 

explanation could be that polymer surface contains weak bounded fragments, which 

create the hydrophilic behaviour (as it can be concluded from the oxygen signal of the 

angle resolved XPS measurements). When the cantilever is retracted from the polymer, 

these fragments stick more easily to the tip than to the polymeric ground material.  
 

A third kind of force distance curve was obtained for the UV treated polymer foil. The 

graph 80 displays this behaviour.  

 
Figure 80: force distance curve for a UV modified PE foil 

 

The Snap In is clearly visible as for the plasma modified PE, so also here the VAN DER 

WAALS force has the main impact on the approaching curve. Removing the tip from the 

sample requires a force of 2nN and therefore the distance between Snap In and Snap Off 

reaches 109.5nm, indication a strong adhesion (see figure 77.e). The occurrence of 

capillary forces (figure 77.f) can be excluded as the measurements were obtained in the 

UHV. Their values are displayed in the next table: 
 

Position Distance [nm] Force [nN] 
Snap In -12.01 0.16
Snap Off 97.49 -2.00
Table 13: Values for Snap In and Snap Off of UV modified PE 
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Integrating the movement towards the forces, an area of Aa=1.77nN⋅nm (or 1.77x10-18J) is 

spread when approaching the tip while retracting covers an area of Ar=120.01nN⋅nm 

(corresponding a work of 1.20x10-16J). 

A possible explanation for the different behaviour of plasma and UV treatment may be the 

structural changes of the surface displayed in figure 74 and figure 75. The substructure of 

the UV indicates a change of the material properties while the plasma treatment shows 

only structural changes. The failure of lasting surface treatments for polymer materials 

under stress has been discussed on several conferences and still is a problem for 

finishing processes. For a final conclusion if these problems rely solely on weakly bonded 

fragments further studies are necessary. 

 

The force distance curve for an electron treated foil was only measured in air. Therefore 

the corresponding graph is not as precisely examined as the others and only some of the 

previously analysed aspects could be evaluated. To do that also so far presented 

materials were investigated again in air, from which the force distance curve by UV 

treatment looks similar to the electron treated one (upper right of figure 81). 

 
Figure 81: force distance curve for an electron modified PE foil measured in air (additionally the 
corresponding graph for the UV treatment is displayed in the upper left corner) 
 

Nevertheless, its shape suggests similar behaviour to the UV treated material. The 

distance amounts to 112.77nm between Snap In and Snap Off (for the UV treatment it is 

about 130nm compared with 109.5nm obtained by ultra high vacuum conditions).  

All obtained values for the electron treatment are displayed in the table 14. 
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Position Distance [nm] Force [nN] 
Snap In 16.14 -0.85
Snap Off 128.91 -2.36
Table 14: Values for Snap In and Snap Off of electron modified PE 

 

The force distance measurements show different aspects of tip–surface interactions for 

the polymer modifications. So far the results can supplement the phase measurements at 

difficult areas and for further investigations a point by point analysis of the surface with 

force distance curves would be desirable, even if it cannot be accomplished with the 

existing set-up. 

 

 

4.2 Characterisation of selective reactions 
The chemical bonding information available from XPS analysis of polymer surfaces is 

often insufficient to distinguish between some of the functional groups which are expected 

to be created by the different treatments. Although such groups can be identified by ATR-

IR (attenuated total internal reflection infrared spectroscopy), the surface sensitivity of this 

technique is insufficient for our surface analysis experiments. To overcome this problem, 

specific functional group reactions are interesting which lead to distinguishable products 

for the XPS analysis. The primary objective is the labelling of the functional group with an 

element, which is not present in the material. ANDRADE lists several chemicals with a high 

cross section for XPS detection for such a derivatisation [Andr85].  

Next to the advantages of such a labelling of interesting chemical groups, a major problem 

is that the reactions at a surface are often different from the ones in a homogeneous 

solution. Therefore one has to study the behaviour of such reaction with time and 

concentration of the reactants. Especially gas phase reactions seem to be adequate 

because there are no solvent or swelling problems and the chemicals can easily penetrate 

into the material.  

Further analysis of the labelled polymer with atomic force microscopy was not performed 

because the reaction sites of the polymer may have reoriented themselves during the 

derivatisation process [EvRe81] which may lead to wrong structural results.   

 

Knowledge of the chemical composition of a surface alone does not necessarily help to 

understand the basic processes of the modification – it merely gives an impression of the 

overall alteration when being compared with the untreated material. These labelled groups 

were traced by XPS and their concentration contains information about the incidences of 



these microscopic reactions. By this technique, also different kinds of radicals can be 

distinguished after flooding with nitrogen monoxide. Each type of radical shows a different 

passivation reaction with a different chemical end product. 

The whole derivatisation chamber, including the inlet for the chemicals to label the 

sample, was illustrated in a previous paragraph (see figure 44). A fine dosing valve was 

used as a controlled inlet for derivatisation substances, while the pressure was steadily 

measured. As chemicals for the labelling nitrogen-monoxide (purity > 99.5 vol.%, Messer 

Griesheim) and bromine (purity > 99.99 vol.%, Aldrich Chemical Company Ltd.) were 

used. The effects on modified polymers will be presented in the following paragraphs.  

 

4.2.1 Double bonds after different treatments 

The formation of double bonds and cross-linkage are common in plasma treatment 

processes. In the easiest case these new structure result when two carbon radicals are 

created in their direct vicinity of another chain. For PE this would mean that hydrogen 

atoms are removed, for PP or other polymers this could also be functional groups. If these 

radicals are located in the same chain, they can create a double bond, otherwise they can 

build a cross-linkage between two polymer chains10 as shown in figure 82.  

 

 
Figure 82: cross-linking and double bonds 

 

Double bonds vary in their binding energy only slightly from the single bonds in a 

hydrocarbon surrounding and therefore cannot be directly separated by XPS 

measurements. They can be identified in wet chemical processes [SpCh78] [PGE86] 

[BBK77] [RiDw74], but there unwanted reactions between the solvents and the polymers 

can take place. Another possibility is a gaseous phase reaction of a reactive gas or a 

liquid with a low vapour pressure. An electrophilic addition at the double bonds seems to 
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be especially suitable and the used substance should become an exclusive label with an 

unique chemical group for a polymer surface modification.  

Two chemicals fulfil this idealistic condition for the labelling: iodine and bromine. As iodine 

treated polymers are unstable under vacuum XPS treatment [Basc91] and this substance 

does not penetrate very deeply into polymeric materials (less than 12nm into 

polyphenylacetylene), bromine was used as the chemical label for detecting double 

bonds. 

According to the electrophilic addition the concentration of the bromine therefore relates 

directly to the concentration of double bonds. This substitution is displayed in figure 83 

where two electrons of the double bond are used to split the bromine molecule and 

substitute these atoms. 

 

 
Figure 83: chemical labelling of double bonds with bromine 

 

The bromine (purity>99.99%, Aldrich) was transferred under a protective atmosphere into 

a glass vessel. With a special dosing valve this vessel was then mounted onto the 

derivatisation chamber, allowing a controlled inlet of bromine. 

The bromine penetrates into the polymer from the surface at least to the investigation 

depth of XPS. The influence of unsaturated radicals prior to the bromine reaction has 

been minimised by storing the samples for two hours in the UHV after treatment. These 

treatment parameters (exposure for 15min with a bromine gaseous pressure of 200mbar) 

were known from literature and confirmed by additional measurements. The reaction of 

long chains of unsaturated hydrocarbons in an atmosphere of bromine has been 

examined by POVSTUGAR et al. [Povs94]. After 5 minutes at a pressure of 160mbar it was 

found that all double bonds were converted with some stoichiometric errors for oxygen 

containing groups.  

First the concentration of bromine after a Polyethylene argon plasma treatment was 

measured. The following graph displays the temporal increase of bromine respectively of 

double bonds. 
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Figure 84: chemical composition of PE after argon plasma treatment and subsequent bromine 
reaction – even without a treatment (t=0s) a bromine concentration of about 1at.% can be found 

 

Within 120 seconds of treatment time, the concentration of bromine grows steadily. But a 

control experiment, which was set up to identify the concentration of double bonds of the 

untreated material, shows a bromine signal of 1.2at.%11, disqualifying the Polyethylene for 

the following experiments (see figure 84). This structural aspect was not detected before 

as the amount of double bonds was too small to cause a significant π→ π* shake-up 

structure in the spectrum of untreated Polyethylene (shown in chapter 4.1.1).  

After the treatment of unmodified PP no bromine signal could be found. Assuming a 

detection limit of 0.1at.% for the XPS set-up and a similar error, the structure of the 

Polypropylene seems to be well enough defined for the experiments. 

 

The measurements were performed with the parameters obtained in chapter 3 – Plasma 

Analysis. After the treatment of 15minutes in the plasma respectively 60minutes electron 

treatment, the Polypropylene samples were stored for one hour in the UHV and then for 

15minutes exposed to a bromine atmosphere with a pressure of 200mbar in the 

derivatisation chamber. For all three different modifications a survey spectra as well as 

                                                           
11 The concentration of near surface double bonds in chemical terms can be calculated by the formula: 

polymerat%
at%

c

[Br]1
[C C] [Br] 0.33

2 100 M

ρ
= ≈ = ⋅  mol/l.  

In this formula the polymer density is set to 0.9g/cm3 according to the value for Polypropylene. A more 
accurate value for high density Polyethylene (HD-PE) would be  mol/l  due to its density of 
ρ=0.95 g/cm

at%[Br] 0.35⋅
3. 
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high resolution spectra were obtained by XPS. The surveys of the modified polymers (see 

the next figure for the example of the UV treatment) only show the expected species 

carbon and bromine.  

 

 
Figure 85: XPS measurements after UV treatment and derivatisation with bromine – from above the 
survey spectrum, the carbon 1s line, structures with a binding energy between 0 and 280eV and the 
bromine 3d3/2/5/2 line 
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The absence of oxygen in the survey of figure 85 indicates the clean modification 

conditions for the residual gas pressure of 3·10-8mbar as well as the high purity of the 

argon gas. The carbon 1s peak is set to a binding energy of 285.0eV using an electron 

gun to neutralise the charging of the sample. The three main bromine lines are found at 

69/70eV, 182/189eV and 256eV corresponding the Br 3d3/2/5/2  line, the Br 3p3/2/1/2 line and 

the Br 3s line. For the evaluation of the bromine concentration, the Br 3d3/2/5/2 line was 

examined and the intensities were compared then. 

 

The measurements were again obtained in the angle resolved x-ray photoelectron 

spectroscopy (ARXPS) mode, where the atomic concentrations according to different 

angles of emergence for the electrons are recorded. Although the experimental set-up 

allows the analysis of angles from about 15° to a maximum of about 85°, mainly the outer 

layers with the corresponding angles from 45° to 85° were investigated. The intensities 

were evaluated from high resolution spectra and were afterwards plotted against the 

angles of emergence. The ARXPS results for the plasma treatment, the UV modification 

and the electron bombardment are presented in the following sections. 

 

UV treatment 
A pure foil of PP was mounted on the sample-holder, covered by the MgF2-window and 

modified for 15minutes inside the plasma. The MgF2 crystal window is transparent for 

wavelengths between 0.11 and 8µm, corresponding to photon energies between 11.3 and 

0.2eV (see chapter 3.4 – consequences for the treatment). This energy is sufficient to 

create radical sites at and inside the polymer which be passivated by forming double 

bonds or cross-linkage as mentioned before.   

The conversion of C=C double bonds seems to be complete according to the precision of 

measuring (otherwise a  π → π* shake-up structure at a binding energy of 291.4eV can be 

expected, which vanished after the chemical labelling [Dilk77]). 

When the XPS signal of the bromine is examined one gets the impression of a clear 

angular dependence (see figure 86).  

 



 
Figure 86: concentration of bromine after UV treatment under different angles of electron emission  

 

Figure 86 shows the obtained data for the bromine concentration with the corresponding 

angle of electron emission and apparently a decay (red line) of bromine concentration. 

The first and last data points were obtained under the same measuring conditions (normal 

emission), therefore they are supposed to show the same total amount of bromine, but its 

signal decreases with the measuring time, respectively x-ray irradiation. To have the 

smallest possible decomposition, only short measurements were made but taking into 

account a reasonable signal to background ratio for the different species. The correction 

with the exponential loss leads to depth profiles of the bromine concentration namely the 

concentration of double bonds.  

Every measurement took here 60minutes exposure time to the x-rays, while the 

positioning of the sample afterwards to a new angle was not included (the x-ray tube was 

off then). The numbers for the concentration were calculated then as the difference of the 

measurement and the exponential decay of the bromine signal. 

The bromine concentration was corrected in the way that the decay curve was subtracted 

by the values for the bromine concentrations of the different emission angles. Those 

corrected values varies only a little for the different analysis angles, namely the different 

analysed depths. They will be compared with figure 87, where additionally a linear fit is 

displayed according to the angle under which the data points were obtained. Later in this 

chapter the values for the different treatments will be compared with each other.  
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Figure 87: corrected bromine concentration of UV treated PP 

 

The total decay of bromine while measuring must be discussed in more detail. As it was 

mentioned before the measuring time was kept short and the bromine spectra were 

calibrated in the way, that some measurements were performed under the same 

experimental conditions (an angle of emergence of 45° referred to the surface normal) and 

were plotted as an exponential decay with equidistant steps in time according to the 

number of obtained data points.  

In the previously discussed derivatisation process a bromine molecule opens a double 

bond and creates two bromine groups. Such bromine groups can be destroyed when 

irradiated with high energy photons like the x-rays from the photoelectron spectrometer. 

The bromine then escapes into the vacuum where it is pumped away. 

The decay of the bromine can be explained quite easily by the breaking of the still existent 

bromine groups. While the intensity of the radiation (number of x-ray photons) is constant 

with time, the number of bromine groups is decreasing. This process can be described as 

exponential decay t
0

dN N e
dt

−α= ⋅ , where N is the actual number of bromine groups, N0 is 

the initial number of bromine groups, t is the time and α is a decay parameter. 

 

Back to the UV modified Polyethylene. In the depth area under consideration the 

distribution of double bonds is nearly uniform, i.e. this modification shows nearly no 

angular dependence. To understand this effect, the penetration depth of the radiation into 

the polymer must be considered. The high penetration depth of the UV light into the 
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substrate leads only to a poor modification of the surface region, because a small amount 

of the radiation is absorbed at this region. In this case the structure of the polymer can be 

modified resulting, for example, in the formation of double bonds. How deep the radiation 

penetrates into the polymer depends on the absorption coefficient. The LAMBERT BEER law 

for monochromatic radiation shows how the radiation is absorbed as a function of photon 

penetration depth for a known absorption coefficient. Not only radiation, but also the 

mobility of polymer chains and the diffusion coefficients inside the polymer film influence 

the depth of modification and the photoelectrons are only detected down to a depth of 

2-3nm (see chapter 2.1.1 – theory of XPS). The differences in concentration for the 

measurements referred to the normal emission are positive as well as negative at a 

maximum of 0.5at.%, but there is no correlation between the angle of electron emission 

and the bromine concentration. 

Together with those described, measurements on the obscured areas were also 

performed (due to the construction of the sample holder). These showed no change on 

the polymer surface in comparison with the unmodified samples. Therefore it can be 

concluded that thermal effects through heating up the sample holder do not influence the 

modification.  

 

Plasma treatment 
The modification after the plasma treatment under the same experimental conditions as 

the UV treatment shows the following bromine concentrations. 

 

 
Figure 88: concentration of bromine after plasma treatment 
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Two important aspects can directly be observed in figure 88 – a higher overall 

concentration of bromine and an angular dependence where the concentration of bromine 

rises with higher angles. The higher concentration of bromine corresponds to a higher 

concentration of double bonds at the polymer surface.  

 

The higher basic concentration of bromine compared with the pure UV treatment can not 

be explained solemnly with absorption effects inside the crystal window. When WILKEN 

measured the influence of the UV spectra on a polymer surface with and without an MgF2 

window he found for a hydrogen plasma a loss of about 20% of its intensity [Wilk98]. A 

plasma modification shows also an interaction of the substrate and the other plasma 

components: ions and electrons. The effect of ions can be discounted because of their 

small amount of kinetic energy. This energy was measured with a LANGMUIR probe and 

found to be at a maximum of less than 3eV while electrons exist in the tail of the 

distribution which posses a kinetic energy of 12eV or more. The collisions of ions with the 

surface are therefore eliminated as a source of modification and even if a higher kinetic 

energy is considered, due to the sheath region of the plasma the ions are below the 

energy to modify the surface [GrKü95]. The influence of electrons is discussed below in 

greater detail. 

 

 
Figure 89: corrected bromine concentration of argon plasma treated PP 

 

The differences in bromine concentration between the highest and smallest penetration 

depths displayed in figure 89 is about 1at.% and therefore far higher than with the pure 
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UV-treatment. In this case, effects other than radiation must take place in order to cause 

this higher concentration of double bonds at the polymer surface.  

Again the plasma treatment must be seen as a combination of UV effects and something 

else. This additional modification is surface sensitive and as particles cannot penetrate as 

deeply as radiation into the bulk and therefore transferring their energy to the outer layer 

of the surface, mainly electrons and ions are taken into consideration. The ions seem to 

play a minor role in microwave generated plasmas (theoretically and experimentally by the 

previously presented results), so the electrons are supposed to modify the polymer at the 

surface. 

 

Electron treatment 
In the third kind of modification the polymer surface was flooded under UHV conditions for 

one hour by electrons. The electron energy was set to Ekin=12eV and the base pressure of 

the residual gas was 10-7mbar in the experiment. The value of the kinetic energy is 

correlated with the electron energy distribution function obtained by LANGMUIR probe 

measurements in a previous chapter. The electron energy distribution function gives a part 

of about 2% electrons with a kinetic energy of 12eV or above (see table 7). 

Also here the polymer was stored for one hour afterwards in the UHV to allow passivation 

processes. The following graph shows the uncorrected data points with the characteristic 

of the exponential loss. The decay here was softer than after UV treatment because of the 

measurement time could was again reduced. 

 

 
Figure 90: concentration of bromine after electron treatment 
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The treatment with electrons leads to a clear modification of the polymer surface. Also 

extended spectra for detection angles below 45° are displayed, which show decreasing 

concentrations of bromine for decreasing emission angles. The high overall concentration 

may have two causes: first the obtained plasma parameters are wrong or secondly 

sputtering reactions inside the argon plasma counteract the effects of the electrons to the 

polymer surface. The second reason seems to be more likely because the sputtering has 

been measured for the investigated system, but this argument does not necessarily 

debilitate the first aspect completely.  

Due to the resulting concentration of bromine under normal emission, a penetration of this 

derivatisation substance into the material can be seen, but still is much smaller than those 

for the photons.  

 

From these measurements one can conclude that electrons with kinetic energy above the 

excitation energies for modifying the surface lose their energy in the outer layers of the 

polymer. The electrons, which are initiators for chemical reactions at the substrate 

material, therefore have small penetration depths.  

For this aspect of the electron modification, figure 91 is also enlightening. It shows an 

escape depth of only some monolayers with typical kinetic energies of argon microwave 

plasma electrons. 

 
Figure 91: compilation of experimental attenuation length values for different compounds and fitted 
universal curve [Albe94] 
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This escape depth is defined as the distance in with the probability of detecting an 

electron dropped to e-1 (which equals 36.8%) of its original value without significant energy 

loss due to inelastic scattering [Brig98]. Although the energy range is displayed in figure 

91 up to several thousand eV, the effects of the electron treatment can be associated 

kinetic energies up to 30eV (see the EEDF in chapter 3.2) and therefore this theoretical 

model can explain why the modification depth for electrons is relatively small. 

 

 
Figure 92: corrected bromine concentration of electron treated PP 

 

Differently from UV photons the electrons penetrate only some atomic layers into the 

substrate and lose their energy. The difference in concentration covers a range of 6at.% 

(see figure 91) which is significantly higher than the values for the other treatments.  

 

The results can be summarised in the way that the UV treatment leads to a uniform 

distribution of bromine at the polymer surface, while the electron treatment create double 

bonds in the first layer of the sample. With these two species the effect of plasma 

treatment can also be explained.  

But why is the value for the double bonds after the electron modification so much higher 

than the calculated one from the plasma experiments? One explanation could be the 

sputtered polymeric material by plasma and UV treatment as discussed for Polyethylene 

in chapter 4.1.5. As mainly the UV destroys the material, these outer layers go into the 

gaseous phase and are pumped away. The pure electron treatment leads to an 
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agglomeration of double bonds because they are not sputtered away as in the plasma 

treatment.  

 

Linear fits of the angular distribution of the bromine have been displayed in figure 87, 89 

and 92. When the relative intensities for electron and UV treatment will be combined, the 

plasma treatment will be approximated. Regarding a loss of UV-intensity of 20% through 

the MgF2-window, a quarter of the detected relative bromine intensity results from the 

electron treatment to obtain a similar concentration profile as the plasma treatment12. This 

result is shown in the next figure. Experimentally such a modification cannot be easily 

achieved but needs an adapted electron treatment after the UV irradiation.  

 

 
Figure 93: comparison of modifications through plasma, UV and electron treatment – the weighted 
combination of electron and UV treatment leads to a similar relative modification as the plasma 
treatment 

 

 

4.2.2 Radicals after electron treatment 

Radicals are more elementary than double bonds and practical even more complicated to 

be identified. After absorbing energy from an electron or photon, some primary processes 

take place within the polymer chains, including the formation of radicals. Therefore to 

understand the modification correctly, their preliminary stages must be investigated.  
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During and after a polymer modification, the reactive sites play an important role. Radicals 

are the primary product of the relaxation of an electronically excited C-C or C-H-bond. It is 

important to get information about the kind of radicals and their concentration created on 

the topmost surface layers. One possibility is the Electron Spin Resonance (ESR)-

Spectroscopy. This method is not only sensitive for the topmost layer but also for the bulk 

properties. Therefore it could not be used for this experimental purpose.  

A wet chemical method for the determination of radical concentration was developed by 

PONCIN-EPAILLARD et al. [PECB94a] [PECB94b]. This method is not appropriate because 

of the disadvantage of possible interactions of the solvent and the surface. 

Another way is the derivatisation of radical sites with nitrogen monoxide and afterwards an 

examination with photoelectron spectroscopy, similar to the detection of double bonds. 

After the reaction of the radicals with nitrogen monoxide, three different  kinds of radicals 

(see figure 94) can be distinguished, which finally lead to different chemical groups. These 

groups show varieties in their binding energy leading to a separation of their photoelectron 

spectra.  

It is possible to convert the three distinguishable types of radicals into different nitrogen 

containing chemical groups (see figure 94), which can easily be detected by means of x-

ray photoelectron spectroscopy.  
 

 
Figure 94: different reaction paths to radical extinction 
 

As the time between treatment and chemical labelling must be very short and influence of 

other substances must be prevented from the polymer, only electron effects will be 
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presented here (the transfer of the other samples from the plasma to the derivatisation 

chamber would take too long so that self quenching occurs). 

In a first step of the reaction path, the nitrogen monoxide combines with the radicals of the 

hydrocarbon under the formation of a nitroso group (C-N=O). If a hydrogen atom is 

attached to the carbon (this is the case for primary and secondary radicals), this nitroso 

group reacts by tautomerism into an oxime group. On the other hand the nitroso groups 

seem to be the end of the reaction path for tertiary radicals.  

Oxime groups from a reaction of nitrogen monoxide with a primary radical have another 

hydrogen atom. Therefore a reaction resulting in the creation of a nitrile group should be 

possible. So each end product is expected to differ for the three types of radicals. 

As these nitrogen containing chemical groups posses different binding energies, it is 

possible to distinguish them in a photoelectron spectrum. The next table compares the 

binding energies of the nitrogen 1s line in different chemical surroundings. 

 

Functional group Structure Binding energy (N 1s) Reference 
Nitrile C-C≡N 399,1 eV ... 399,5 eV [BeBr92]  
Oxime C=NOH 400,5 eV [Wilk98] 
Nitroso C-N=O 403,7 eV [Bear90] 
Nitro C-NO2 405,5 eV ... 406,3 eV [Bear90] 
Nitrite C-ONO ≈ 406 eV [Wilk98] 
Nitrate C-ONO2 408,1 eV [BeBr92] 
Table 15: binding energies of nitrogen containing polymers 

 

Again Polyethylene is used in the experiments due to its simple structure. The results will 

be discussed along with the Polypropylene structure because cross-linkage will occur and 

the structure of PP has an additional side chain. 

The purity of the nitrogen monoxide is crucial for the experiments. Especially the absence 

of oxygen is necessary because otherwise the nitrogen monoxide reacts to carbon 

dioxide, leading to unwanted side reactions like the abstraction of a hydrogen from the 

saturated hydrocarbon [Yoff53] or its addition to a C=C double bond [Burk54]. 

A control experiment was set up to identify if any form of nitrogen species can be found for 

untreated polymers. After the polymer was treated in an atmosphere of nitrogen monoxide 

for 15min with a pressure of 200mbar, no nitrogen could be found at the surface with XPS. 

Therefore the material has a sufficient purity for these experiments. 

The resulting groups should be dependant on several parameters. One of these aspects is 

the electron energy. The electron energy distribution function showed fractions of 



electrons with an energy of 12eV and more. Therefore the first experiments were 

performed according to different electron energies. 

 

 
Figure 95 : nitrogen monoxide after electron treatment 

 

For the electron treatment the emergence of the nitrogen groups can be observed when 

the kinetic energy of the electrons exceeds different values. While a treatment of 

15minutes (under the previously mentioned conditions) with an electron energy of 8eV 

(black line) leads to no nitrogen signal of the photoelectron spectrum in the range between 
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395 and 410eV binding energy, while the same measurements under the same treatment 

conditions except a kinetic energy of 10eV (green line) of the electrons shows a peak at 

the binding energy of 400.5eV. This signal corresponds to an oxime group (C=NOH), 

which results from a secondary type of a radical (see figure 94).  

With an even higher electron energy of 12eV (red line) a second peak appears at a 

binding energy of 406.5eV. This line corresponds to a nitro (C-NO2) or nitrite group (C-

ONO), but cannot be explained with the previous considerations. 

 

Five reactions can be figured out to discuss the primary processes which occur after the 

encounter of the polymer with a photon or electron: 

 

• Abstraction of a hydrogen molecule under formation of a double bond  
For Polypropylene there are two possibilities to abstract a hydrogen molecule under 

formation of a double bond: along the main chain (left) and at a terminal group (right). 

 

 
Figure 96: abstraction of a hydrogen molecule and formation of a double bond for Polypropylene 

 

The second possibility is not given for Polyethylene, and as the terminal double bond is 

less stable for the PP, the formation along the main chain is preferred.  

 

• Splitting of a C-H-bond under the formation of a radical and a hydrogen atom  
This reaction is the most likely one and was displayed in figure 53. For Polypropylene 

there are even three possible sites for such a splitting, displayed in the next figure. 

 

 
Figure 97: three sites where a splitting of a C-H-bond can occur for Polypropylene 

 

After the splitting of a C-H-bond, the very mobile hydrogen atom can easily disappear 

while the immobile carbon, if it is still bonded in the main chain (see figure 97 above on 

the left), becomes a separated secondary radical. While it is unlikely for the hydrogen 
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atom to meet another radical site and to recombine that way, a more likely reaction is 

that it abstracts another hydrogen atom from a complete chain. In a nutshell, the 

splitting of the C-H-bond leaves in this case two secondary radicals and a hydrogen 

molecule.  

Another case may happen when the splitting occurs at the end of the terminal group 

(middle graph of figure 97) and a primary radical is formed. The hydrogen atom will 

again disappear with analogous consequences. But here the initially formed primary 

radical becomes a tertiary radical at room temperature. This is the same situation as if 

the C-H-bond breaks at the branching (right graph of figure 97). When these radicals 

are irradiated with UV light, the reaction will be revoked [IIT67] as shown in the next 

graph. 

 

 
Figure 98: rearrangement of primary and tertiary radicals in Polypropylene 

  

This reversal of the reaction should not occur when the tertiary radical encounters a 

plasma electron (because of its charge). 

 

• Splitting of the main chain under formation of two primary radicals  
The two resulting radicals of such a splitting (see figure 53) can be stabilised by 

secondary processes. Supposing that the polymer is treated below the temperature of 

the glass transition, the chains have only a small mobility, these two radicals are 

trapped and can be stabilised by recombination, disproportionation or hydrogen 

cession. For the case of the recombination, the main chain is established again and 

therefore there is no change in the polymer. The disproportionation leads to the 

formation of a C=C double bond and a methyl group. The chain is split and as a 

consequence the molecular weight of the polymer is lowered. WILKEN found a similar 

concentration of C=C double bonds and trans-vinylene bonds and concluded, that this 

reaction path plays only a minor role [Wilk98].  

The last possibility of stabilisation is the abstraction of a hydrogen atom from the 

directly neighboured polymer chains, which build up a cage around the pair of radicals. 

But as this reaction is less unlikely than the disproportionation, only a small effect on 

the polymer can be concluded for the splitting of the main chain.  
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For Polypropylene another variation of the reaction path exists. The radicals are 

trapped (figure 99 above) and can stabilise in two different ways (figure 99 below). 

 

 
Figure 99: trapped radicals and their stabilisation in a Polypropylene chain 

 

Both end products lead to a removal of polymeric material: directly through the splitting 

of methane (left) or in an indirect way of degradation of the molecular weight, which 

leads to the splitting of oligomeric chains. 

 

• Thermal relaxation and fluorescence.  

These last two processes do not change the composition of the polymer and therefore 

cannot be measured with the available equipment. 
 

 

The microscopic explanation for the peak in the photoelectron spectrum (figure 95) after 

10eV treatment is that electrons rupture the polymer chain between a carbon and a 

hydrogen atom. The intensity of this nitrogen signal in an oxime group suggests that this 

reaction is very likely. 

The second kind of chemical surrounding at the 12eV experiment could not be explained 

with the three types of radicals. Instead BROWN suggested some reaction paths [Brow57] 

(taken up again by STRAUSZ and GUNNING [StGu63]) which lead from the tertiary type of 

radical to the found nitrogen groups, shown in figure 100.  
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Figure 100: further reactions of a nitroso group 

 

The application of is reaction scheme for the tertiary type of radicals would indicate a 

cross-linkage of polymer by the electron treatment. Therefore all occurring peaks in the 

spectra can be explained by the different radicals and their passivation reactions. 

 

With higher electron energies also new nitrogen lines appear in the photoelectron spectra 

shown in figure 101. When the polymer is treated with 18eV electrons and radicals are 

passivated immediately after the modification with nitrogen monoxide (upper graph), a 

former unseen line appeared at 403.5eV. After table 15 this kind can be identified as a 

nitroso (C-N=O) group, the direct proof for tertiary radicals. The signal resulting from the 

oxime (C=NOH) group at 400.5eV is also present while the nitro (C-NO2) and nitrite (C-

ONO) groups at a binding energy of about 406eV became the most intensive signal.  
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Figure 101: nitrogen monoxide after electron treatment with time 

 

The spectrum shown in the middle of figure 101 was prepared under the same 

modification conditions, but stored afterwards for 15 minutes inside the UHV. While the 

nitrogen line at 406eV still exists, the intensity is less than before. Referred to the nitrile or 

oxime group, the nitroso group also diminished, but shows more intensity than the line 

with higher binding energy. The graph at the bottom of figure 101 corresponds to a 

derivatisation reaction with nitrogen monoxide one hour after the treatment with 18eV 

electrons. Here the intensity of the nitroso as well as for the nitro or nitrite group nearly 

vanished. 
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The intensities are fitted for the three groups. Their values are displayed in Table 16. 
 

Delay between treatment 
and chemical labelling 

oxime (C=NOH) nitroso (C-N=O) nitro (C-NO2) and 
nitrite (C-ONO)  

Immediately  31% 22% 47%
After 15 minutes 53% 20% 27%
After 60 minutes 93% 5% 2%
 

Table 16: different groups of the nitrogen signal 

 

The measurements indicate a relative stability of secondary radicals while storage time 

leads to a passivation of tertiary radicals, as it can be concluded from the values of nitroso 

respectively nitro and nitrite groups. Remarkable is the slower decay of nitroso groups, as 

they only occur for the higher energetic electrons.   

 

The experiments show that the electrons are splitting different bonds and consecutive 

reaction occur. As some reactions are exclusive dependent on tertiary radicals, cross-

linkage must have been occurred. All resulting chemical groups can be explained by 

theoretical reaction paths, but the experiments need a lot of pre-work and the set-up has 

to be very elaborate to get such kinds of results.  

 

After the presentation and discussion of so many different aspects of surface modification 

through plasma and separated effects of photons and electrons, the work will be 

summarised in the next chapter. Also some remarks will be given according to the further 

proceeding in this scientific field and the conclusions of this study for industrial 

applications. 
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5. Summary and Conclusions 

In the previous chapters a wide range of aspects concerning to plasma analysis and 

modifications of polymers have been touched. This was necessary in order to work out a 

fundamental analysis of the interaction of low pressure plasmas with polymer surfaces:  

• analysing different species inside an argon microwave discharge and their physical 

values;  

• investigating the effects of these species towards a polymer surface on a microscopic 

scale; 

• describing the modification by the isolated effects and modelling the plasma treatment 

through them.  

Although this is a complex task, the whole process could be successfully demonstrated by 

a simplified model system of a microwave argon discharge. With this work new ideas for 

further investigations and finishing process applications also arose.  

 

The first aspect of analysing the different species in an argon microwave was done by a 

LANGMUIR probe. This leads only to information about the particles. Data about the energy, 

charge carrier densities or potentials could be obtained. The results explain the role of 

electrons and therefore they are essential for modelling such a complex process like a 

microwave plasma.  

Although the distribution of photons gives relevant information about the processes inside 

a discharge, it could not yet be investigated. On one hand the usage of a UV spectrometer 

with a resolution for vacuum ultraviolet is planned because even small amounts of 

contamination can be detected and even more important the radiation of the plasma can 

be characterised in a precise way. This examination will lead to more reliable information 

about the effect of radiation in the surface modification.  

On the other hand a pure UV treatment could be achieved by using a crystal window to 

cover the sample from the influence of particles. Only the effects of high energy photons 

are neglected by this experimental set-up. To model these effects one can think of 

continuously tuneable light as it exists at synchrotron facilities.  

At last, but not least, the ions need to be considered in more detail. With the LANGMUIR 

probe the ion density and the kinetic energy could be detected. While the usage of a noble 

process gases leads to little or no lasting interaction with the surface, impurities of the gas 

or small leaks of the apparatus spoil such “pure” modifications. The ions can be traced by 

their emission spectrum or by mass spectroscopy. 
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The second aspect was handled by using the available measurement techniques after 

modifying the polymer with plasma and the different species. In the procedure first the 

polymers were treated inside the discharge by different process gases (argon, oxygen, 

nitrogen) as well as just with UV-radiation or an electron beam. After the treatment the 

samples were brought in contact with air or labelling chemicals so created radical sites 

could react. The different labelling groups at the surface of the polymer were analysed by 

x-ray photoelectron spectroscopy according to their concentration and the angular 

(respectively depth) distribution. 

All treatments lead to a change in the composition of the polymer surface, but the 

modifications differ between the treatments. For the oxidation of modified samples the 

plasma treatment gives the highest concentration and a weak angle distribution, while the 

separated effects show small changes and only for electrons an angle distribution could 

be observed. This distribution became more clear when the samples were stored inside 

the vacuum allow self-passivation reaction. Later they were chemically labelled with 

bromine and this label attacks the double bonds so that from the bromine distribution one 

can conclude the distribution of this binding type. All modifications show bromine in their 

analysis, but only plasma treatment shows a light and electron treatment a strong 

correlation with the electron emission angle. This can be understood with respect to the 

different penetration depths of radiation and particles (especially electrons) within the 

sample. 

To cover another aspect in order to be more selective towards the fundamental 

modification processes, a radical passivation has been studied. The surface modification 

of polymers with electrons and a nitrogen monoxide treatment afterwards reveals the 

emergence of different nitrogen groups. While the treatment shows a threshold energy of 

10eV before the peaks (respectively the radicals) appear due to the breakage of 

C-H-bonds, a higher electron energy give rise to tertiary radicals, which indicate cross-

linkage reactions. Storing the electron modified polymers inside the vacuum before 

degassing them with nitrogen monoxide leads to a primary decay of the tertiary radicals. 

 

The third aspect was achieved by comparing the different modifications and combining 

them in an accurate way. The depth distribution of double bonds through the argon 

microwave discharge therefore can be modelled by the addition of “normalised” electron 

and UV treatments. This was demonstrated by the chemical change in the surface 

composition after labelling with bromine as well as by the structural changes measured 

with the atomic force microscope.  
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This sequence of experimental steps will help in other discharge systems to gain a better 

understanding of the modification process and therefore this modelling could be a point of 

origin for a whole series of further investigations. The industrial application especially will 

have more possibilities by separated modifications of the bulk through UV and the surface 

through electrons. Also splitting the modification into several steps and functionalising the 

sample with different process gases between those steps could be interesting. 

 

The complex theme of surface modification can only be approached by analysing the 

basic interactions between sample and discharge. Technological challenges are manifold 

and begin with the scaling-up of plasma processes. Coating at atmospheric pressure 

represents a major problem for plasma technology nowadays while other important topics 

of further research and development will be non-stationary, periodically or pulse-excited 

plasmas, reaction kinetics of multi-component plasmas and the computational simulation 

of plasmas to understand fundamental plasma processes and to design real systems.  

 

The importance of the inner plasma parameters cannot be overestimated. Knowledge of 

them can be the key aspect to tailor surface properties and therefore this theme will be of 

major interest for the finishing industry. So far mainly outer parameters are used to 

characterise discharges which may lead to a wrong interpretation of measurements. 

Therefore the data obtained in plasma diagnostics can be used to enhance the quality of 

products by simulations or controlling the occurring processes [BMBF01]. Also a 

comparison of treatment processes becomes difficult without knowing the inner plasma 

parameters.  

 

From a scientific point of view the next steps will lead in two directions. One is that a better 

correlation between plasma parameters and surface modifications is needed in the realm 

of the separated effects, especially the diagnostic of the UV radiation lack so far of 

experimental knowledge – at least to transfer the manifold results to the respective 

set-ups. The second aspect would be the extension of the chemical labelling to other 

basic reactions. For the used system of nitrogen monoxide labelling further measurements 

in an angle-resolved mode will give more details about the consecutive reactions.  
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I want to conclude with one of my favourite bible verses in Proverbs 1:7  

 

The fear of the LORD is the beginning of knowledge,  
but fools despise wisdom and discipline. 
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Appendix 
In this appendix further information about polymers and the effects of different process 

gases as well as bibliography links will be presented. 

 

Polymers 
Polyethylene is composed of a multiplicity of ethylene blocks. Ethylene itself is a gaseous 

hydrocarbon with a double bond. The polymer is produced by linkage of a large number of 

ethylene molecules in a polymerisation process in two different procedures. 

The high-pressure method was discovered in the thirties of the last century. The 

polymerisation of the ethylene is started by radicals at a pressure of 1500 to 3000bar and 

temperatures from 150 to 320°C  and runs in a radical nuclear chain reaction. The formed 

Polyethylene results thereby as melted mass, which can be continued to process directly 

after the synthesis. The PE manufactured by this method consists of branched, bulky 

chains and indicates a relatively low density from 0.92 to 0.94 g/cm3.  

In the low pressure procedure at  60bar and 60 to 240°C, the polymerisation is achieved 

by catalysts. Those contain frequently titanium or magnesium. With this procedure, the 

formed PE results as insoluble powder which is converted for further applications to 

granulates. It contains a large proportion of linear chains which can be interpreted as 

regular structures (also mentioned as high crystallinity degree). According to its highly 

arranged structure it has fewer cavities and thus a high density from 0.94 to 0.97 g/cm3 

(called HDPE or PE-HD for high density). For the process development of the low 

pressure polymerisation with titanium KARL ZIEGLER and GIULIO NATTA received the 

Nobelprice for chemistry in 1963.  

Polyethylene can be described in a chemical formula as (C2H4)n, where the index n 

indicates the number of the track links which can amount to up to some hundred 

thousand. The next figure shows some unordered chains of PE and an ethylene molecule 

(white corner). 



 
Figure 102: chains of PE and ethylene molecule 

 

These large chain lengths correspond to the molecular mass of more than 5 million g/mol. 

Polyethylene shows an opposition to water, acids and bases as well as the usual chemical 

solvents. It is thermoplastic, i.e. it will became soft at temperatures about 130°C, and 

therefore can be processed easily. The mechanical characteristics such as hardness with 

ambient temperature, tenacity, transparency and melting temperature depend strongly on 

the chain length and the branch degree of the PE.   

 

Polypropylene is  a collective term for the chemical compounds made of the building block 

propylene, which is a gaseous hydrocarbon with three carbon atoms and a double bond 

(formula CH3-CH=CH2).  

 
Figure 103: chains of PP and propylene molecule (white corner) 

Polypropylene is manufactured at pressures of about 5 bar and at temperatures of about 

50°C by aluminum or titan containing catalysts (ZIEGLER NATTA type). From the gaseous 
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propylene, chains are produced by the polymerisation, which consist of up to 20000 

members. Its density is around 0.90g/cm³. 

The Polypropylene can be produced in spatial different forms on molecular level in 

opposite to the chemically similar Polyethylene by the arrangement of the methyl group 

(CH3). A regular sequence of orientation is called isotactical. This geometric structure is of 

large industrial importance because of its high crystallinity (which microscopically leads to 

hardness, stiffness and stability against temperatures up to 150 °C).  

When two sequential groups of methyls arrange in an alternating form, this is called 

syndiotactic (Greek ISO: directly; syn: together; dio: two). A third arrangement is called 

atactic for an irregular sequence of orientation. By the selection of a suitable catalyst a 

large influence on the tacticity can be taken.  

These configurations can be compared in the next figure, in which the rest group (R) must 

be replaced by a CH3 group. 

 
Figure 104: configuration of mono-substituted Polyethylene 
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Surface modifications for different process gases  
The following table is a compilation of surface modifications. The references were 

collected by RIESS  [Ries01] and extended by own inquiries. 
 

Process gas Surface modifications Reference 
Inert gases 
(Argon, 
Helium, 
Neon) 

• Intense cross-linkage due to UV-radiation 
• Chain breakage  
• Incorporation of oxygen groups after contact with air 
• Formation of C=C-bonds  
• Improvement of wettability  
• Removal of adhesion decreasing layer  

[FKG80] [Betz93] [Gere90] 
[HaSc66] [Tama93] [LoCo86] 
[RoIn95] [Coul93] [BVBG94] 

Water • Intense erosion 
• Incorporation of oxygen groups after contact with air 
• Improvement of wettability 

[FKG80] [Viss93] 

Oxygen • Cross-linkage  
• Incorporation of oxygen  
• Formation diminishing from C=C.  
• Intense erosion of layers.  
• Modifications of crystallinity through selective corrosion 

of the amorphous areas 
• Improvement of wettability 

[FKG80] [Gere90] [LaWa83] 
[Viss93] [Bisc88] [FBB91] 
[MOG90] [FoHu92] [FrEr94] 
[PaKi94] [CaJo92] [HBZ93] 
[ChBr91] [ITA92] [ChGa93] 
[VaGa89] [BVBG94] 

Nitrogen • Intense cross-linking due to UV-radiation 
• Improvement of wettability 
• Incorporation of oxygen and nitrogen containing groups 
• Creation of C=C-bonds 
• Mild decomposing  
• Mild increase of amorph parts 
• Removal of adhesion decreasing layer 

[Gere90] [FBB91] [Bisc88] 
[HoBe93] [FoHu92] [FIH91]  
[Anto87] [FoIn90] [Coul93] 

Hydrogen • Intense cross-linkage due to UV-radiation 
• Incorporation of oxygen groups after contact with air 
• Creation of C=C-bonds 
• Mild decomposing 
• Mild increase of amorph parts 
• Improvement of wettability 
• Removal of adhesion decreasing layer 

[FKG80] [FLG81] [Küpp95] 

CO and CO2 • Incorporation of oxygen groups  
• Improvement of adhesion for fibres 
• Creation of C=C-bonds 
• Mild decomposing 
• Long time surface modifications 
• Improvement of wettability 
• Removal of adhesion decreasing layer 

[PoCh90] [ITO90a] 

NO and NO2 • Incorporation of oxygen and nitrogen containing groups 
• Improvement of wettability 

[ITO90b] 

NH2 and NH3 • Cross-linking  
• Improvement of wettability and adhesion  
• Incorporation of oxygen and nitrogen containing groups 
• Creation of C=C-bonds 
• Mild decomposing  
• Bio compatibility  

[ChBr91] [Merc94] [CoLo73] 
[ITK89] [HoSt69] [WuGu95]  
[LiCo93] [FLG86]  
 

Air • Incorporation of oxygen and nitrogen containing groups 
• Creation of C=C-bonds 
• Improvement of wettability (long time) and adhesion  

[OgPo85] [Merc94] [BhJo94] 
[CoLo73] 

 
Table 17: surface modifications of different process gases 
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