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Abstract
The main objective of this work is to contribute to the understanding of the grafting of nitrogen and amino
surface functional groups on polymers by means of plasmas containing nitrogen and hydrogen. For this purpose,
many aspects of plasma surface modification were studied.

In the frame of this work, a new, UHV-sealed plasma reactor system was put into operation. The system
is special for its clean reaction environment and the possibility to perform quasi in situ XPS measurements. A
comparison of the UHV system to a fine vacuum reactor showed that a clean reaction environment is mandatory
for reproducible plasma processing and efficient nitrogen and amino functionalisation.

A key motivation for the present work was the observation that the non-coating plasma processes reported
in literature fail to graft primary amino groups on polymer surfaces with densities that significantly exceed
3 � 4% NH2/C. In order to investigate this phenomenon in detail, this work followed two experimental tracks:
On the one hand, a broad systematic study of plasma processing parameters was performed. On the other, the
surface diagnostics methods used for the quantification of amino groups were critically reviewed. For this, a
numerical algorithm was developed to reconstruct the element depth profile from angle-resolved XPS data.

In the scope of the process parameter study, cw and pulsed microwave (MW) plasma excitation was com-
pared to radio-frequency (RF) excitation. The home-built MW source was studied and optimised with respect
to ignition behaviour and power efficiency. The performance of the MW and RF plasmas in polymer surface
modifications was studied in various gas mixtures containing NH3 and H2, or N2 and H2. Also the differences
of glow and afterglow processing of polymers were investigated.

Large variations of the nitrogen and primary amino grafting efficiencies were obtained. They triggered a
number of new ideas for the underlying reaction mechanisms. Special attendance was devoted to the selectivity
of the functionalisation processes for primary amino groups. Nitrogen-containing discharges that were rich in
hydrogen achieved selectivities up to 100%. The upper limit of 3 � 4% amino groups on the surface, however,
was not passed. Angle-resolved XPS measurements revealed a systematic problem for the definition of a surface
density, which is capable of explaining the upper limit for amino groups. It is either due to a limited labelling
depth of amino groups by the applied TFBA derivatisation reaction, or to a limited functionalisation depth of
the plasma process.

One very efficient nitrogen-grafting plasma process that was developed on polystyrene was applied to seven
other unfluorinated polymers. The similarity of the resulting functionalisation demonstrated a good transfer-
ability of plasma surface functionalisation processes.

Plasma treatments of polymer surfaces, especially in hydrogen-containing gases, are known to be generally
followed by uncontrollable oxidation phenomena. The properties of plasma-functionalised polymer surfaces
were therefore studied in conjunction with ageing effects. Quasi in situ XPS analysis allowed to distinguish
the influence of oxygen contamination during the plasma process from post-process oxidation due to contact of
plasma-treated samples to atmospheric oxygen.

The surface modification experiments were accompanied by several gas phase diagnostic techniques. In the
scope of this work, the UHV reactor system was equipped with optical emission spectroscopy (OES), two-photon
absorption laser-induced fluorescence (TALIF), and tunable diode laser absorption spectroscopy (TDLAS). A se-
parate plasma source was setup to perform an absolute quantification of the vacuum-ultra-violet (VUV) emission
intensity of hydrogen-containing MW-excited plasmas. The techniques were evaluated with respect to their
contribution to an understanding of the plasma processing of polymers.

The rich experimental data allowed to suggest new reaction mechanisms for the grafting of nitrogen- and
amino functional groups. Surface passivation experiments in H2 plasmas of nitrogen-functionalised surfaces
initiated a re-evaluation and an extension of the mechanism of selective etching [1]. Together with two other
new reaction mechanisms, a hypothetical reaction scheme was suggested. It was studied by the help of two
numerical models for heterogenous reactions of radicals with the surface. In order to avoid the complexity
of the fragmentation process of NH3, the models were restricted to discharges in N2 and H2. Despite the
sparse information on the composition of the gas phase, the data of two experimental series showed a very
particular phenomenology that allowed a first test of the model. The test supports the newly-suggested reaction
mechanisms. Especially the role of NH2 attachment to open reaction sites for the grafting of amino groups was
emphasised.

A more stringent test of the model is left to future experiments with extended gas phase diagnostic means.
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1.1 General Introduction
This work investigates functionalisation of polymer surfaces by means of non-coating plasma processes. In
non-coating surface functionalisation no additional molecular layer is deposited, as in plasma polymerisation,
but functional groups of the polymer are converted to other chemical groups by substitutive radical reactions,
a process also called grafting. Functional groups critically determine the characteristic chemical and physical
properties of the polymer surface. If only a thin surface layer is being functionalised the specific nature of the
bulk material can be preserved. This way, standard materials may obtain novel qualities.

In gas phase processes the depth of surface modification is generally smaller than in wet-chemical reactions,
where solvents and capillary forces may transport reagents deep into the substrate. Gas phase processing by
plasmas utilises an energised, partially ionised gas. The gas is a source of energetic particles and allows to
modify even highly inert surfaces. The particles possess enthalpy in form of kinetic and/or potential energy. The
former includes rotational and vibrational excitation, the latter ionisation, electronic excitation, and last, not
least chemical reactiveness. While some plasma-based surface processes employ ions, either inert (sputtering),
or reactive ones (anisotropic etching), others use radicals (functionalisation, polymerisation, isotropic etching)
or just photons (surface activation, initialisation of polymerisation).

Treatment of polymers by plasmas requires special care due to their thermal damageability. Enthalpy
transfer to the surface can be reduced if anisothermal plasmas are used. Those plasmas are maintained by
primarily accelerating the electron component of the ionised gas. The inefficiency of momentum transfer of
collisions with electrons of elevated energies keeps the kinetic energies of the heavy particles comparatively low.

The applicability of plasma processes is not limited to surfaces. During the last decades, also plasma process-
ing of gases, surfaces and even liquids revealed an enormous technological and economic potential [2]. In order
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4 1 INTRODUCTION

to take advantage of it, the complexity of the manifold processes in a plasma must be mastered. Well-established
applications of plasma surface processes in metal industry include degreasing, plating and surface hardening.
In semiconductor technology plasma-based ion implantation, dry etching and resist stripping became indis-
pensable steps in the production line. While in polymer industry plasma-based improvement of glueability,
printability, metallisation and hard coatings are used in mass production, control of cell adhesion by surface
functionalisation for medical applications and sterilisation is becoming a key technology for the development
of advanced material.

A plasma, being a many-particle system, is of intrinsic complexity. Already in relatively simple gases a
plasma generates a large number of species in a manifold of physical states. They interact in a combinational
large number of reactions. To control a plasma process would mean to influence selected chemical or physical
reactions, e.g. to emphasise a specific reaction path. This could, in principle, be achieved by influencing in-
ternal plasma properties like the energy distributions of electrons and ions, which govern the probabilities for
overcoming energy thresholds for the generation of reactive species. In practise, it is difficult to control internal
plasma properties due to their complex relationship to the external plasma parameters. However, if competing
reactions have significantly different time constants, it is possible to enhance one reaction rate against the other
by pulsing the plasma-sustaining power. The external parameters can be physical, e.g. process pressure, amount
and modulation of incident power, ion energy, distance between plasma and substrate, and substrate temper-
ature, or chemical, i.e. the choice of gas composition. The number of external control parameters is usually
large, so tuning them in order to empirically optimise a plasma process may be lengthy and unsatisfactory.
In addition, already small process parameter variations, e.g. fluctuations of the absorbed electrical power or
contaminations of the gas phase, can have a considerable effect on the stability of the plasma and the chemical
reaction balance.

The identification of the dominating reactions in a plasma requires to determine the concentrations of
selected species. During the last years, advanced plasma and gas-phase diagnostic techniques have been de-
veloped, which allow to measure state and density of stable and transient plasma species. The most powerful
among them are laser-based spectroscopic techniques using induced fluorescence or absorption. Unfortunately,
they are still quite expensive in cost and manpower. Hence, the number of species for which absolute or relative
concentrations are being monitored during a plasma process is usually small in contemporary publications.

The physics of surface processes of plasmas is even more complicated than that of the gas phase alone. The
main fraction of the manifold surface-interactions of plasma species is still only poorly understood. This makes
the design of a process to create a requested surface property a subject of empirical studies.

For the investigation of plasma surface reactions, surface-sensitive diagnostic methods are required. The
principle problem of surface diagnostics is to determine information on a thin (0.1�1 nm) surface layer, i.e. par-
ticle or chemical structure densities in the order of 0.1�1 nm�2, in front of a background from the bulk material
whose density is at least 104 times higher. State-of-the-art methods can provide information on the density of
chemical elements (XPS), density of chemical bonds (high resolution XPS), and chemical structure (SIMS,
GI/ATR-FTIR), recently even spatially resolved.

Objectives of this work

The present work was initiated by biomaterial research. Primary amino groups play a key role in biomaterial
applications of polymers. They are of special importance for immobilising biomolecules.

The work investigates the mechanisms of grafting primary amino and other nitrogen functional groups on
polymers by means of non-coating, anisothermal plasmas containing nitrogen and hydrogen. Its main aims
were, firstly, to improve the understanding of the mechanisms that control the grafting and removal of amino
and other nitrogen functional groups and, secondly, to find an explanation for the apparently low surface density
of amino functional groups that is grafted by these types of plasmas.

Selected chapters of this work, especially the plasma diagnostics chapter and the appendix, provide addi-
tional information and references on experimental techniques that aim beyond the scope of this work. They
intend to facilitate a continuation of this work by my colleagues.
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The following sections supply three introductory sections that aim at enhancing the readability of this work for
physicists as well as for chemists and biologists.

1.2 Microwave Plasma Physics
The generation and sustainment of plasmas by means of microwaves Frequency Discharge

Range Type

Hz Direct current (DC)
kHz Pulsed DC

MHz Radio frequency (RF)
GHz Microwave (MW)
THz Optical

Table 1.1: Rough classification of discharges.

(MW) is still subject of lively research. This section discusses the exci-
tation of microwave-sustained plasmas. However, the discussion will
be restricted to the low-pressure range. The MW plasma source that
was used in this work will be characterised in section 3.1.2.2. Excita-
tion of radio-frequency (RF) plasmas, on the other hand, is thoroughly
described in the literature. In this work, RF plasma generation will
only be briefly discussed in the experimental section 3.1.2.1.

1.2.1 Introduction to plasma physics

In contrast to the solid, liquid, and gaseous phase, the plasma state of mat- Ionisation
Species Energy Ref.

NH3 10.1 eV [3]
O2 12.1 eV [4]
H2 15.3 eV [5]
N2 15.6 eV [5]
Ar 15.8 eV [4]

Table 1.2: Ionisation energies
of selected atoms and molecules.

ter is characterised by electrons that are not bond to nuclei. This dislocation
of electrons is due to an electron energy that exceeds its bond energy. The
electron energy that is required to enter the plasma state, depends on the
electron orbital configuration of the matter. In metals, the electrons of
the conduction band are quasi free. In gases, the energy required to free
electrons is in the order of 10 eV, see table 1.2. The temperature and den-
sity range in which plasmas exists or can be generated is extremely broad,
ranging from cold interstellar matter to the sun’s core. Under high energy
conditions, the plasma state is the natural state of atomic and molecular
matter.

Generation of a plasma requires ionisation of neutral atoms and/or molecules of the medium. There arePlasma
generation

several ways to cause ionisation: collisions of energetic particles, strong electric fields acting on bond electrons,
or ionising radiation. The kinetic energy for ionising collisions may come from the heat of chemical or nuclear
reactions of the medium, as in flames, for instance. Alternatively, already released charged particles may be
accelerated by electric fields, generated electrically or by radiation fields. If at least as many charge carriers are
created per time unit as recombine, the plasma can be sustained.

1.2.1.1 Electrical gas discharges

The plasmas which are subject of this work, are low-pressure gaseous plasmas that are sustained by electric
fields. Those plasmas are also called discharges.

The force of an electric field on a charged particle in the plasma accelerates it. An alternating field makes a
charged particle oscillate. Surrounding charged particles exert a force on the oscillating particle. The interaction
leads to a resonance phenomenon called plasma resonance. In case of electrons oscillating in front of an ion
background, which is quasi motionless due to the larger mass of ions, the electron plasma frequency Ωpe

depends
on the charge density of the surroundings and the frequency of electron collisions [6].

If an oscillating particle can follow an electric field in phase, the field is reflected by eddy currents (skin effect).Wave cut-off

Penetration of electromagnetic waves of this frequency into the plasma is inhibited, a phenomenon called wave
cut-off. Only waves with frequencies exceeding the cut-off frequency, which is set equal to the electron plasma
frequency, can traverse the plasma. Or, vice versa, for a given field frequency Ω a critical plasma density can be
defined nc �� �o me Ω

2Æq2
e [7]. For microwaves of 2.45 GHz, the critical electron density nc is 7.4�1016 m�3. For

a radio frequency of 13.56 MHz, nc is 2.3�1012 m�3. A plasma with an electron density exceeding the critical
density is called over-dense.

Undisturbed oscillating particles are in phase with the alternating field and only consume the energy nec-Role of collisions

essary to compensate for dipole radiation losses. To accelerate a charged particles beyond oscillation in phase,
elastic collisions are required. They change the direction of the velocity, or the phase of the oscillating particle,
which allows further acceleration by the field. If the energy of an accelerated particle exceeds a given threshold,
internal degrees of freedom of the colliding partners may be excited: The energy is consumed in quanta, the
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collision becomes inelastic. Both, elastic and inelastic collisions, dissipate energy from the electric field among
the plasma species. For low degrees of ionisation, electron-electron and electron-ion collisions can be neglected,
electron-neutral collisions dominate.

Electrical discharges can be classified by the frequency Ω of the exciting field. For a rough classification seeFrequency
classification

table 1.1. The quality of the coupling of an exciting field of given frequency to a charged particle depends on
the position and shape of the plasma resonance. It critically determines the character of the electrical discharge.
If the more massive ions cannot follow the oscillating field, the exciting frequency is called high (HF). In this
case, the main fraction of the power is transferred to the electrons.

1.2.1.2 Electron kinetics

A statistical description of a plasma employs energy distribution functions. They describe the probability to
find a specific particle in a given energy range. For each type of energy and particle, one such distribution
function is needed.

The kinetic energies of elastically colliding particles evolve towards a Maxwell-Boltzmann distribution, pro-Thermalisation

vided the collisions are frequent enough to efficiently distribute any disturbance by an external force. This
process is called thermalisation. It justifies to introduce a temperature. In a thermal plasma all relevant energies of
all particle types are in thermal equilibrium.

Anisothermal plasmas require more than one temperature for their characterisation. High-frequency dis-Anisothermal
plasma

charges are important examples of anisothermal plasmas. Predominantly the electrons are accelerated. Colli-
sions between the light electrons and the heavy particles are inefficient. Therefore, many collisions are required
to dissipate an energy excess from electrons to the background gas. Under low pressures and a low degree of
ionisation the electron-neutral collision frequency is low. If the energy gain of the electrons exceeds their loss,
the electrons heat up until the energy loss in collisions compensates the gain. The result is a plasma where
cold heavy particles co-exists with hot electrons. Typical temperatures of low-pressure microwave discharges
are about 1000 K for the heavy particles and about 1 eV � 11.000 K for the electrons. A typical dergree of
ionisation is about 10�4.

Under low pressure conditions and low degree of ionisation, the electron-electron collisions frequency mayNon-thermal
plasma

be too low to allow thermalisation of the electrons. It this case, the energy distribution in general deviates
from a Maxwell-Boltzmann distribution. A temperature can no longer be defined, only a mean kinetic en-
ergy. Additional information on the shape of the distribution is necessary in order to characterise the plasma
adequately. Resulting distribution functions have been calculated by many authors for a variety of gases and
discharge conditions [6, 8–10].

In anisothermal plasmas, the plasma kinetics is dominated by the kinetics of the high energetic electronAffecting
the EEDF

component. The density of electrons determines the frequency of electron-heavy-particle collisions, whereas the
shape of the EEDF determines which internal degrees of freedom of the heavy collisions partners can be excited.

Theoretical studies of the influence of the ratio of the exciting field frequency to the collision frequency, Ω
Æ
Ν,

on the EEDF were performed, for instance, by Winkler [6], Ferreira and Moisan [11], whereas experimental
studies were done by Moisan et al. [8], Wertheimer and Moisan [12], Ferreira et al. [13]. It was shown that
the EEDF is significantly different from a Maxwell-Boltzmann distribution for Ω

Æ
Ν�1 but tends towards it for

1 � Ω
Æ
Ν.

Any change of the EEDF influences many different processes in the plasma. Especially plasma chemistry
would profit if the shape of the EEDF could be adapted in a way that enhances or suppresses selected processes.

1.2.1.3 The plasma afterglow

In the afterglow of a plasma the external electric fields are absent or insufficient to maintain the discharge. An
afterglow can either be a temporal or a spatial one. In the afterglow, plasma-generated species de-excite and
participate in secondary chemical reactions that tend to form stable species. Depending on the gas composition,
superelastic collisions may continue to sustain the plasma in the afterglow for a while by releasing the energy
stored in rovibronic degrees of freedom [10, 14, 15], see also section 2.1.1.

Especially in molecular gases, the plasma chemistry in the afterglow is significantly different from the glow.
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1.2.2 Plasma excitation by microwaves

Electrode-less plasma excitation methods include helicon plasma sources, inductively-coupled plasmas, and
surface-wave-sustained discharges. Electrode-less HF discharges have two important advantages that are of
great interest for contemporary plasma research and applications: Firstly, no sputtering of the electrodes occurs.
However, depending on ion energy, sputtering of the reactor walls or the substrate may still occur. Under
conditions typical for plasma modification purposes, the ion energy in electrode-less HF discharges is about an
order of magnitude lower than in RF discharges [16–19]. For instance, Guo and Ohl [17] reported mean ion
energies of about 1 eV in the afterglow of MW discharges in ammonia. This way, the contamination of the
gas phase and damage of the substrate surface can be reduced. Secondly, the surface-wave effect, which will be
described in section 1.2.2.2, allows to generate spatially extended plasmas with electron densities that exceed
the critical density. It is still a challenging task to generate such plasmas for the processing of large substrates.

Microwaves, being high frequency electromagnetic radiation, are capable of exciting electrode-less gas dis-
charges. Comprehensive introductions to the technology of microwaves can be found in references by Ishii [20]
and Baden-Fuller [21].

Microwave-excited plasmas have two appealing properties. If applied in surface-wave-mode, they are es-
pecially well suited to generate large-area plasmas of high plasma density. In addition, both in surface-wave
and resonator mode, they can exhibit a high degree of spatial localisation. This allows to spatially separate the
location of plasma generation from the location of surface processing. Such a separation, together with an ap-
propriate gas flow scheme, may help reduce the negative effect that particles released from a processed substrate
may have on the plasma chemistry of the gas phase.

1.2.2.1 Resonator mode

In mode, resonator, the plasma density does not exceed

Electron density ne in m-3
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Figure 1.1: Skin depth ∆ for 2.45 GHz microwaves in over-
dense plasmas vs. electron density ne . The critical density
at this frequency is 7.4�1016 m�3.

the critical density. A standing electromagnetic wave,
which is confined by a cavity, penetrates the plasma
and sustains it in the regions of highest field inten-
sity. This determines the spatial distribution of the
plasma. Plasma excited in resonator mode are less resis-
tant against detuning, for instance by the insertion of
electric probes or electrically conducting samples com-
pared to surface-wave plasmas. There, the high plasma
density better shields disturbing potential.

1.2.2.2 Surface-wave-sustained mode

For a long time, microwave plasma sources without magnetic field have not been considered suitable for the
generation of high density plasmas. Electromagnetic waves cannot propagate in over-dense plasmas. The wave
is reflected at the plasma surface due to the skin effect an becomes an evanescent wave. Its penetration depth

corresponds to the skin depth, which can be approximated by ∆ � c
Æ�

Ω2
pe
� Ω2, see figure 1.1.

The non-vanishing penetration depth of an evanescent wave opens an alternative way of heating a plasma:
Instead of traversing the plasma, the conductivity of the plasma enables the wave to propagate along the plasma
surface. Watanabe et al. [22] discuss this point in more detail. The wave energy is then transferred to the plasma
by an evanescent wave which enters the plasma perpendicular to its surface and decays exponentially with the skin
depth. This transfer mechanism allows to generate over-dense plasmas with densities beyond the critical density.
Plasmas that are excited by propagation of electromagnetic surface waves are called surface-wave-sustained (SWP).
Surface wave plasma sources can be divided into two groups depending upon whether the plasma generates part
of its own waveguide by ionisation or not. The former is called a self-guided plasma. The surface wave mode
allows to generate uniform high-frequency-excited plasmas in volumes whose lateral dimensions extends over
several wavelengths(1) of the electromagnetic wave. Surface-wave-sustained plasmas can be operated in a large
variety of recipient geometries. The pressure range accessible for SWPs depends on the process gas and the
diameter of the recipient. According to Ferreira and Moisan [11], the larger the chamber diameter, the lower
the minimal pressure necessary for the SWP mode. Analogously, the maximal pressure where a stable SWP

(1)For microwaves of 2.45 GHz in vacuum this wavelength amounts to 12.2 cm.
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can be operated decreases with increasing diameter. The numerical modelling of SWPs is quite involved. The
plasma is created by the electromagnetic wave, but it also reflects and guides this same wave. Therefore, a truly
self-consistent description is necessary.

1.2.2.3 Inhomogeneities caused by standing-wave modes

Wherever the wavefront of a non-zero electromagnetic field encounters the dielectric or conductive surface of
a chamber wall, boundary conditions arise for the field. The resulting standing wave modes of the field affect
the spatial distribution of the plasma. Structured field modes lead to plasma inhomogeneities, see e.g. reference
[23]. The plasma homogeneity may improve if the wave’s power is consumed by the surface-wave-sustained
plasma before the wave encounters a chamber wall, see e.g. Watanabe et al. [22], reviewed on page 9. If
the plasma itself is part of the waveguide, it interacts with the electric field and likewise imposes boundary
conditions. Then, boundary conditions imposed by the reactor may become paritially shielded. Changes in the
process condition may result in changes of the wave mode and the shape of the plasma. A plasma is more likely
to be stable if the mode of the launched microwave is fixed by the antenna design, see section 1.2.2.4.

1.2.2.4 Efficiency of power coupling

For an efficient power absorption by the plasma, impedance matching is required. Since the impedance of the
plasma depends on plasma density, tuning of the antenna may be required to match different plasma states.
It is usually assumed that a good impedance transformer can match any load. Microwave antenna impedance
tuning is generally performed by short-circuit plunger at the end of a waveguide and/or tuning stubs in the
waveguide. Bad matching causes excessive power reflection which is not only energetically inefficient but
may also cause damage to the microwave generating magnetron. The reflected power should therefore be
optimised. Unfortunately, plasma is too complex a phenomenon to simply follow the strategy of reflected
power minimisation. To use an active self-tuning of the impedance matchbox to minimise reflected power may
even be disastrous for plasma stability and reproducibility, see section 1.2.2.6. It is usually assumed that the
load impedance is constant or a function of the current tuning position. This is not true, since a plasma generally
exhibits hysteresis effects. During impedance matching or changes of the incident power, mode jumps of the
plasma state may occur. During such a mode jump the electron density, which determines the impedance,
abruptly changes. Therefore, in order to reproduce a chosen plasma state, the full history of its ignition and
impedance tuning process has to be reproduced.

The power absorption efficiency further depends on process pressure and the antenna design. At higher gas
pressures the electron-neutral collision frequency Ν is higher. This causes more efficient power absorption by the
plasma and, consequently, reduces the fraction of reflected power. Yasaka and Hojo [24] studied the absorption
efficiency in dependence on the angle at which an antenna launches the microwave into the plasma. The authors
predicted and observed an enhanced absorption coefficient for oblique wave launching. Especially for plasmas
with small Ν/Ω ratios the power absorption was significantly improved, e.g. by a factor of three between 13–
133 Μbar for an angle of 17.5�. This angle is similar to the opening angle of the conical line antenna of about
20� used in this work.

1.2.2.5 Energy balance equation

For finite area surface-wave-sustained plasmas, the net power absorbed in the plasma should equal the power
necessary to sustain the average number of electron-ion pairs. The phenomenologic quantity Θ, i.e. the power
needed to sustain one (on average) electron-ion pair, was studied by many authors, see e.g. references [25, 26].
Charge recombination occurs in the plasma, the surrounding volume and the chamber walls. Therefore, Θ
depends(2) on gas pressure and composition as well as on the plasma’s volume-to-surface ratio, the wall material,
and the texture of the wall surface. Also a dependence on electron density and temperature exists. Data on
values of Θ in molecular surface-wave-sustained plasmas is hardly available, most of the power is consumed by
dissociation or rovibronic excitation. Tatarova et al. [28], for instance, gave a value of �2 � 4��107 eV s�1 in a
500 MHz surface-wave-sustained discharge in nitrogen at 67 Pa inside a Pyrex tube of 2.25 mm inner diameter
at an electron energy of 3.5�5.5 eV. Θ may in principle be obtained from solving the Boltzmann and the electron

(2)Ghanashev et al. [27] found Θ  p�b, b depending on plasma conditions, p being the pressure.
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energy balance equations but in molecular plasmas this is a complicated problem. With Θ, the energy balance
reads

�1 � R � L�Pin � n̄e V Θ .

Here, n̄e V denotes the average(3) number of sustained electron-ion pairs in the plasma volume V. While for
an incident power Pin, the net power absorbed can be written as �1 � R � L�Pin, where R �� Prfl

Æ
Pin

denotes the
fraction of incident power reflected by the chamber and by the plasma, and L the fraction lost due to Joule- and
dielectric losses in metal walls and windows, respectively.

1.2.2.6 Stability of the plasma

Ghanashev et al. [27] studied the stability of a large-area microwave-excited plasma in dependence of the
reflected power. They identified the following stability criterion for the plasma: For a given pressure, the
average electron density n̄e has to increase with incident power Pin

�
�n̄e

Pin�n̄e, p� > 0 . (1.1)

This stabilises the plasma, since, if by some fluctuation the plasma density decreases, the difference between
incident power and absorbed power will increase. The incident power will then be higher than the power
necessary to sustain the new, reduced density, which will lead to an increase in electron density and a damping
of the fluctuation if condition (1.1) holds. Otherwise any fluctuation will de-stabilise the plasma. For constant
incident power, part of the power is reflected by the plasma, so the criterion can be rewritten for the reflection
coefficient R and the power n̄e V Θ necessary to sustain n̄e V electron-ion pairs

�
�n̄e

�
n̄e Θ�n̄e, p�

1 � R�n̄e, p�

�
> 0 .

Provided that no mode jumps of the plasma occur, the functional dependence of ne on R generally exhibits a
minimum in R. This minimum separates the higher-density plasma from a lower-density plasma. Only the
higher-density branch is stable against fluctuations in ne, according to the criterion. Concerning optimal power
coupling, the plasma state with minimum reflected power will not guarantee stable operation, since it lies at the
border of the instable branch of operation.

1.2.3 Examples of large-area microwave plasmas sources

Many examples of large-area plasma sources can be found in the literature. A large fraction of these publications
employ surface-wave-sustained microwave plasmas and describe the design of the wave-launching antenna [22,
24, 27, 29–40].

Important source designs for planar, concentrically spread plasmas similar to the plasma source which wasPlanar, concen-
trically spread

plasma sources used in this work, see section 3.1.2.2, will be described briefly. Ghanashev et al. [27] used slits in a waveguide
as antenna (SLAN, i.e. SLotted ANtenna(4)) to launch microwaves through a dielectric window of 220 mm
diameter in order to generate a planar plasma. In contrast to the MW plasma source used in the present work,
their plasma exhibited various azimuthal and radial standing-wave modes, which were studied thoroughly in
reference [34].

Kimura et al. [43] described a plasma source basing on a coaxial waveguide antenna that launches mi-
crowaves through the circumferential side of a dielectric plate into the reaction chamber. The upper front of
the dielectric plate of 175 mm diameter was covered by a metallic plate, the lower opened towards the reactor.
Below the dielectric plate, a homogeneous plasma of 120 mm diameter was generated with electron densities
up to 8�1017 m�3 at 0.07 mbar in argon.

Watanabe et al. [22] mounting a coaxial waveguide on a dielectric window of 25 cm diameter. The cross
section of the coaxial guide was chosen so small that microwaves were excited in TEM mode only. The remain-
ing upper area of the window was covered by a conductive wall to guide the microwave below the window.
The waves therefore propagated concentrically within the dielectric plate between the conductive wall and the

(3)To be exact, ne V is the average number of e-i pairs since ne is not constant on V.
(4)Other non-planar SLAN sources were developed by Engemann et al., see e.g. references [32, 41, 42].



10 1 INTRODUCTION

plasma. Consequently, the plasma, sustained by an evanescent wave, concentrically expanded with increasing
microwave power until covering the dielectric window completely. The TEM mode suppressed formation of
standing-wave modes which could have added structure to plasma. Due to the large diameter of the dielectric
window, the microwave energy was consumed by the plasma before it encountered the boundary conditions
imposed by the metallic window flange. The resulting plasma exhibited a high stability under a wide range of
process parameters. About 1 kW microwave power was required to excite a plasma of several millimetres thick-
ness and 20 cm diameter at 1.33 mbar in molecular gases. The electron density in the plasma was 5�1017 m�3

which is approximately 7 times higher than the critical density.
Alternatively, Watanabe et al. [22] set up a cavity with a circular arrangement of slanted slots to launch mi-

crowaves with ring-shaped electric field distribution into the reactor where they generated ring-shaped plasmas
below the dielectric window. In this setup, the wavefront of the electric field is parallel to the plasma surface.

1.2.4 Pulsed plasma excitation

Modulation of the power sustaining the plasma provides additional ways to affect the physics and chemistry in
a plasma. One aim of the present work was to study in which way pulsed plasma excitation affects the amino
and nitrogen functionalisation process of polymers. In power-modulated plasmas the effective plasma treatment
duration teff �� D ttot has to be distinguished from the total treatment duration ttot. For plasma-on/plasma-off
modulations the duty cycle D is defined as the ratio

D ��
ton

ton � toff

. (1.2)

Experimental investigations of pulsed MW plasmas have been performed for instance in references [44–46].
If the power input to a cw plasma is reduced below a given level, the plasma extinguishes. Pulsed plasmaEffects of

pulsed operation

excitation provides an alternative way to reduce the mean power transfer to the plasma. During the power
pulse ionisation and power transfer to the heavy particles occur, in the intermediate pause thermalisation and
recombination govern.

However, the effects of pulsed plasma operation are more profound. For sufficiently short plasma pulses,
the electron kinetics of anisothermal plasmas can be influenced directly. This has far-reaching consequences for
the various energy distributions of the plasma. Most importantly, a change in the EEDF changes the electron
impact dissociation rates which generally affects the plasma chemistry.

Plasma pulses that are long compared to the electron kinetics time scale, on the other hand, may affect
chemical reactions by a different mechanism. An appropriate pulse timing may suppress secondary plasma-
induced chemical reactions after having initiated the primary reaction step. In a fragmentation cascade of
molecules this could help to enhance primary dissociation products. The balance of a chemical system would
change accordingly. Pulsed plasma excitation was successfully applied to plasma polymerisation with structure
retention of the polymerising monomer proved important for [47, 48].

Ion bombardment plays a substantial role in the modification of the very first atomic layers on the surface.Ion energies in
pulsed plasmas

Experiments like the ones performed by Zabeida and colleagues revealed how the energy distribution of the
ions impinging onto the surface can be influenced by pulsing the MW plasma. In reference [19] Zabeida and
Martinu studied the ion energy distribution function (IEDF) in large-area MW plasmas. In reference [49] these
plasmas were applied to the modification of polymers. The shape of the IEDF changed substantially in pulsed
excitation mode. For a decreasing duty cycle at fixed frequency, a second peak at lower energies appeared and
became more pronounced. The authors interpreted this low-energy peak to be due to ions accelerated by the low
plasma potential of the temporal afterglow between two plasma pulses. In N2 at 13.5 Pa, 1200 W and 1 kHz,
for instance, the ion energy did not exceed 15 eV, compared to a mean ion energy of 12 eV in cw mode.
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1.3 Polymer Chemistry
This section compiles chemical properties of polymers that are important for the understanding of this work.

1.3.1 Polymers under investigation

The present work was initiated by research on biomaterials. Polystyrene is one of the most frequently-used
polymer in biotechnology. It was therefore chosen as reference material. Most plasma processing research of
this work was performed using polystyrene. In section 4.3 the performance of a modification process that was
very efficient on polystyrene was studied on seven other polymer types, see table 1.4.

1.3.1.1 Classification of polymers

Aliphatic hydrocarbons are linear or branched chain molecules that may be either saturated, called alkanesAliphatic

(paraffins), or unsaturated, called alkenes or alkines (olefins). Examples of aliphatic polymers are polyethylene
(PE), polypropylene (PP), polymethyl-methacrylate (PMMA), polytetrafluoro-ethylene (PTFE), and polymethyl-
penten (TPX).

Aromatic hydrocarbons contain ring-shaped structures that contain delocalised electron systems, for in-Aromatic

stance phenyl rings. Examples of aromatic polymers include polystyrene (PS), polyetherether-ketone (PEEK),
polyethylene-terephthalate (PET), polyethylene-naphthalate (PEN), and polycarbonate (PC).

After breaking of an inner-molecular bond, the chains of unsaturated aliphatic and aromatic polymers have
a higher propensity to crosslinking than aliphatic ones, see section 2.3.3.2.

Alicyclic hydrocarbons likewise contain ring-shaped structures but their bonds and chemical propertiesAlicyclic

resemble those of aliphatic hydrocarbons. An important example of an alicyclic hydrocarbon is cyclohexane.

1.3.1.2 VUV absorption of polymers

In general, C�C and C�H Σ-bonds in organic polymers absorb VUV radiation between 60–160 nm, corre-
sponding to 19–7 eV photon energy. This absorption can result in ionisation and dissociation. A diagram of
the absorption spectra of different polymers can be found in [50]. Aromatic polymers like polystyrene show,
besides Σ-absorption, absorption in the region between 150–285 nm which is due to electronic transitions in
the Π-electron system of the phenyl ring. Those aromatic excitations usually relax thermally or by fluorescence,
so bond rupture is less probable. This causes aromatic polymers to be more stable against VUV photons than
aliphatic ones. Wilken et al. [51, 52] found the radical concentration and the mass loss on polystyrene after
VUV irradiation to be small compared to polyethylene and polypropylene.

1.3.1.3 Radicals in polymers

Photodissociation by VUV photons, reactions with radicals, and ion bom- Atom Electronegativity

H 2.1
C 2.5
N 3.0
O 3.5
F 4.0

Table 1.3: Electronegativities
according to
Mulliken.

bardment can break polymer bonds creating radicals. The manifold energetic
species created during plasma processing are efficient in creating those rad-
icals, [49–51, 53]. Long-living radicals in the polymer backbone are also
called dangling bonds. The depth of the damage to the polymer depends on
the penetration power of the particle. It is generally larger for photons (easily
exceeding 10 nm) and radicals than for ions and critically depends on the par-
ticle’s energy. The energy required for breaking a phenyl ring in polymers is
about 5.4 eV, compare table 2.1. If exposed to hydrogen radicals, the phenyl
ring may become successively hydrated by up to six hydrogen atoms yielding
finally cyclohexane. The hydrated states are less stable than the original phenyl ring due to the loss of the
Π-electron symmetry.

1.3.2 Functional groups

Due to their unpolar character, saturated C�C and C�H bonds are chemically inert. If they break, they
break homolytically, i.e. unpolar. Oxygen and nitrogen, for instance, are more electronegative than hydrogen
and carbon, see table 1.3. Together with hydrocarbons they form polar covalent bonds and distort the electron
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Name Abbreviation Supplier, Product No. Chemical structure of repetition unit

Polystyrene PS FalconTM, 1016
CH CH

2

n

Polymethyl-penten TPX Goodfellow, ME 311 250 CH
2

C

CH

CH
2

CH
n

Polyethylene PE Goodfellow, ET 303 050 CH
2

CH
2

n

Polycarbonate PC Goodfellow, CT 301 260 O OC C

CH
3

CH
3

O

n

Polymethyl-
methacrylate

PMMA Goodfellow, ME 303 050 CH
2

C

CH
3

COOCH
3

n

Polyetherether-
ketone

PEEK Reichelt, 48921
O O C

O

n

Polyethylene-
terephthalate

PET Goodfellow, ES 301 445
CH

2
CH

2
O C

O

C

O

O

n

Polyethylene-
naphthalate

PEN Goodfellow, ES 301 445 CH
2

CH
2

O C

O

C

O

O

n

Table 1.4: Polymers that were subjected to plasma modifications in this work.

distribution of the molecule, introducing local dipole moments. These polarities together with the acid-base-
properties of chemical groups containing nitrogen or oxygen change the chemical and physical properties of
hydrocarbons.

Many functional groups have to be classified into primary, secondary, and tertiary ones, according to the
number of bonds they do not form with hydrogen. In the scope of this work, only oxygen- and nitrogen-
containing functionalities will be discussed in detail. Table 1.5 lists important functional groups of nitrated,
oxidised, or passivated polymers.

1.3.2.1 Nitrogen-containing groups

This work will apply the following nomenclature. The terms nitration or amination denote the grafting of various
nitrogen or, specifically, primary amino groups, respectively. Amino groups contain nitrogen single-bonded to
hydrogen and carbon. There are primary, secondary, or tertiary amino groups, see table 1.5. However, in the
context of this work the term amino group generally refers to primary amino groups.

In the present work, the capabilities of XPS analysis in combination with the TFBA derivatisation reaction,Distinguished
functionalities

discussed in section 3.4.1, allow to distinguish the amino group from non-amino nitrogen groups.

1.3.2.2 Oxygen-containing groups

Section 3.4.1 points out the low energy resolution of the XPS device used for this work. Without a derivati-
sation reaction to label different oxygen functional groups, as described in [53], their proper distinction is
only rudimentary possible. It was not further pursued in this work. Only the integral surface density of all
oxygen-containing groups was determined by XPS. of
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1.3.3 Functionalisation of polymers

The term functionalisation denotes the creation of chemical functional groups. Existing approaches to function-
alise polymers will be presented in the introduction of chapter 2.

Table 1.5: Name and structure of functional groups of hydrocarbons containing nitrogen and oxygen.

primary
Amino

R N H
H

secondary
Amino N R

H
R

tertiary
Amino N R

R
R

primary
Imino C R

NH
R

secondary
Imino CR

H
N R

Azo R N N R

Nitrile R C N

Hydroxyl R OH

Carboxyl R C OH
O

Carbonyl R C
O
R

Aldehyde R C H
O

Anhydride OC
O

C
O

Amido R C NH2

O

Oxime C
R

N OH
R

Nitroso C N O

Nitrate C O N O
O

Methyl R C
H

H
H

Allyl C
H

H
R C

H
C

H

H

1.4 Biomaterial Properties
The present work was motivated by research on polymeric biomaterials. A comprehensive review of polymeric
biomaterials can be found in [54, 55]. Biomaterials are intended to interact with biological systems. Their
interaction can be either a passive or an active one. In both cases the material has to be biocompatible. The term
biocompatible is defined differently in the literature. A minimum requirement for a material to be biocom-
patible is that it must neither provoke toxic, allergic, nor carcinogenic reactions of the system. If a highly
inert surface is introduced to a biological system like living tissue, it plays a passive role. In the ideal case
it is tolerated by the tissue. The possibilities of active interactions between tissue and material, however, are
manifold and subject of contemporary research. Bioactive materials may, for instance, support the development
of living tissue. The proliferation of many cells type improves if they can attach to a supporting structure.
The dimensions of the supporting structure may affect the cell culture development and, perhaps, even the cell
differentiation process. Some advanced biomaterials are projected to be dissolved and absorbed by the body
after their support is no longer required. The attachment behaviour of cells is related to the properties of the
biomaterial’s surface that is in contact to the biological system. The generation of specific surface properties on
polymers by means of plasma processing is in the focus of the present work.

The attachment of a biological cell to a surface is realised via auxiliary macromolecules, called contact proteinsCell attachment

[56]. One end of these proteins can connect to docking sites in the cell membrane, the other requires a specific
surface property in order to establish the link between surface and cell.

The adhesion or covalent bonding of biomolecules is called immobilisation. Many types of functional groupsImmobilisation
of contact

proteins may in principle achieve immobilisation of contact proteins. If the functional group exhibits a localised positive
or negative charge it may attract oppositely-charged biomolecules. Low attachment of proteins, on the other
hand, is believed to be caused by a dominance of methyl-terminated groups, which have an inert, unpolar
character.

In aequous solution at physiological pH values, most oxygen-containing functional groups are negatively
charged. Primary amino groups, however, become protonated, R NH�

3 , under these conditions and are distin-
guished by their positive charge. Primary amino groups are widely believed to be most efficient in immobilising
biomolecules and promoting cell adhesion. They were studied for many biomedical applications [54, 57–67].
To which degree they perform better than carboxyl, hydroxyl, nitrile, or amido groups, for instance, is still
under research. The question is not easily answered since many surfaces, especially those resulting from plasma
processing, exhibit a mix of different functional groups. For instance, commercially available tissue culture
dishes (e.g. PRIMARIATM [68]) that show an improved cell adherence. In addition, the general wettability of
the surface, which is related to the free surface energy, affects the cell attachment behaviour. Best results are
reported for H2O contact angles in the range of 40�60�, called the biological window [66]. Mono-functionalised
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surfaces, that exhibit oxygen, nitrogen, or primary amino groups only, are desirable for basic studies of cell
attachment mechanisms. If the density of functional groups could be controlled to generate similar wettabili-
ties, the effect of the surface wettability on the cells adhesion behaviour could be distinguished from that of the
functionalisation type.

The structure of biomaterial surfaces may be twofold: Either topological or chemical. Topological patternsMicrostructured
surfaces

can be generated by etching processes. For instance, an oxygen plasma efficiently volatilises many polymer
types. In reference [69] a purely plasma-based technology was developed to graft a chemical micropattern on a
polymer surface. It was shown in reference [70] to induce pattern-guided cell culture development.

Results of cell culture experiments will be presented in section 5.2.4.
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The chemical inertness of polymers requires highly aggressive reactants to incorporate or remove functional
groups. This work investigates plasma-chemical approaches to create these reactants. However, in principle,
also wet-chemical processes may achieve polymer functionalisation.

Wet-chemical functionalisation [71] has a number of drawbacks, see also section 5.2.3. The aggressiveWet-chemical
functionalisation

reactants require careful handling and subtle concentration control. They are likely to change the morphology
of the polymer surface by solvents or capillary forces, which transport them deep into the polymer. If no
covalent bonding was achieved, the reactant may be released from the polymer on a later stage and diffuse into
the biological environment. This may be hazardous for biomaterial applications.

A large variety of plasma-assisted processing techniques has been developed that aim at changing the func-Plasma-assisted
processing

tionalisation of a polymer surface. They cover the range from thin film deposition in plasma polymerisation over
plasma modification to chemical micropatterning [66]. All employ plasmas as an efficient source of highly reactive
radicals or other energetic particles to perform or initiate the functionalisation process, respectively.

In plasma polymerisation, a plasma initiates polymerisation of monomers in the gas phase. The resultingPlasma
polymerisation

oligomers diffuse to the surface of substrates (and reactor walls) and cover it in continued polymerisation. Ion
bombardment was reported to stabilise the polymer film by cross linking it and improving its adhesion to
the substrate. Pulsed plasma excitation was found to help to retain the functional structure of the monomer
[47, 48, 72]. Polymer layers exhibiting a high density of primary amino groups were successfully deposited by
plasma polymerisation of diamino-cyclohexane, ethylene-diamine, and allylamine [48, 59, 73, 74].

15
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An alternative approach to deposit polymer layers is plasma-induced polymerisation. Here, a plasma pre-Plasma-induced
polymerisation

treatment of the polymer substrate creates active reaction sites, i.e. surface radicals. They subsequently initiate
polymerisation of monomers, which are supplied in the gas phase, directly on the surface. This assures covalent
bonding of the monomer to the substrate and avoids a contamination of the reaction environment. However,
the number of monomers that can be activated to polymerise by surface radicals is small.

In plasma modification, the plasma neither removes nor deposits complete atomic or molecular layers butPlasma
modification

replaces specific chemical groups only. Surface modification may be classified into plasma passivation and plasma
functionalisation. While plasma passivation can be thought of as a removal of selected surface functionalites,
plasma functionalisation incorporates new ones. Both proceed via reactions of energetic species like radicals,
ions, rovibronically excited molecules, or photons with the surface. An important channel for chemical changes
are radical substitution and addition reactions, see section 2.2.2.1. Also layer-removing by dry etching [75]
may be a way to passivate a surface.

Surface functionalisation by means of plasmas is a complex process. There are three fundamental ingredients
that determine the outcome of a plasma treatment. The plasma chemistry governs the generation of activated,
chemically reactive species in the gas phase. These species may induce surface modifications in what shall be
called plasma surface interactions. Rearrangements of a modified surface and heterogeneous reactions of activated
sites, remnants of the plasma process, give rise to so-called(1) post-plasma surface processes that may drastically
change the surface composition. In this work it was possible to distinguish important effects of plasma and
post-plasma processes, due to the special design of the reactor system which allowed to perform quasi in situ
XPS analysis. The three process classes are subject of this chapter.

2.1 Gas Phase Plasma Chemistry
This section is devoted to a discussion of gas phase chemistry in plasmas containing nitrogen and hydrogen.
Plasma surface interactions will be discussed in section 2.2. Anisothermal discharges in NH3, NH3+H2,
N2, and N2+H2 have important applications in plasma-chemical surface treatment. In this work, they were
investigated for applications to polymer functionalisation. For the chemical synthesis of NH3 and N2H4, plasma
chemistry cannot yet compete with classical chemical synthesis.

To understand the chemistry of plasmas, it is essential to pair experiments with theoretical considerations.
After many years of empirical and often fruitless research on nitrogen-containing plasmas most authors agree
that numerical kinetic models are indispensable to better understand their complex kinetics. The manifold
processes occurring in a plasma exhibit a complicated mutual interdependence. A simplified reaction scheme
which considers only fast reactions and particles of high concentration often does not correctly describe a plasma.
For instance, it has been observed experimentally that even a very small admixture (below 1%) of H2 into an N2

discharge substantially increases the concentration of N atoms and vice versa [76]. Especially, chemical reactions
involving transient species are badly understood. A review of the present knowledge on chemistry involving
NHx radicals can be found in [77], which, unfortunately, has an emphasis on thermal reaction conditions since
most rate coefficients originate from combustion science.

The number of interdependent reactions required to describe a plasma may easily reach a magnitude that can
no longer be handled intuitively by the human brain. The term understanding of a plasma process may therefore
mean that characteristic properties of a plasma can be reproduced by a numerical model. Such a simulation
may then help to identify important reaction mechanism. The various reaction rate coefficients of a chemical
system result from a convolution of the specific energy distribution functions of a plasma with the elementary
reaction cross sections. Unfortunately, for many chemical reactions there is still a profound lack of cross section
data, especially in case of vibronically excited species. Also electron impact dissociation rates often result from
guesswork or rough estimations.

Concerning reactions at the boundary between plasma and surface, the situation looks even worse since most
cross sections of surface reactions are unknown. This really is a pity, since they crucially determine the outcome
of a plasma surface treatment. Since wall recombination causes losses of dissociated molecules, they can strongly
affect the global discharge kinetics, see section 2.2.3.

In this respect, discharges containing nitrogen and hydrogen only, compared to discharges in hydrocarbons,

(1)Although they partially already occur during the plasma process.
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exhibit the great advantage of being not polymerising. Although they are not completely free from effects
which condition the reactor walls, no polymer deposition permanently changes the reaction environment.

The task of improving the understanding of gas phase processes in a plasma requires reliable experimental
data on absolute, state-selective particle densities together with an accurate determination of the electron energy
distribution. Unknown cross sectional information may then be derived by fitting a numerical model of the
plasma-chemical reaction scheme to this data. If sufficient reliable cross section information is available, the
formulation of a self-consistent model may be successful. It requires a combined model for the electrodynamics,
physics, and chemistry of plasmas, together with surface reactions.

Important steps in this respect were undertaken by Gordiets et al. [78] and Hannemann et al. [79] who
numerically simulated the kinetics of DC and RF discharges in N2+H2. In [80] Gordiets et al. also included
surface processes on Pyrex to the model. The authors emphasised the importance of measurements of absolute
densities of N and H atoms, NH, NH2, and NH3 molecules, both in the discharge and the afterglow. Self-
consistent descriptions of MW-excited discharges in nitrogen have been studied in [81, 82] for the pulsed
resonator mode, and in [83] for the surface-wave-sustained mode.

2.1.1 Enhancing the reactivity of species

Chemically reactive species in a plasma are generated by Bond Dissociation
Type Energy Ref.

H�H 4.5 eV [84]
O��O 5.1 eV [4]
.
N��O 6.5 eV [85]
N���N 9.8 eV [84]
N���C

.
9.1 eV [85]

.
N��C.. 6.4 eV [84]
..N�C... 3.0 eV [84]
..N�H 3.8 eV [85]

HN .�H 2.0 eV [86]
HN�H2 4.7 eV [4]

H2N�H 4.3 eV [76]
H2N�NH2 1.7 eV [84]
H2N�CH3 3.5 eV [84]

H3C �CH3 3.6 eV [84]
H �CH3 4.4 eV [84]
H �CH2CH3 4.2 eV [84]
H �CH(CH3)2 4.0 eV [84]
H � 3.7 eV [4]

5.4 eV [49]
C�C 3.6 eV [84]
C��C 6.2 eV [84]
C���C 8.6 eV [84]

Table 2.1: Bond dissociation energies of selected
molecules and radicals.

various physical effects, predominantly by molecular dis-
sociation and vibronic excitation. Molecular fragmenta-
tion may be initiated by collisions of all possible types of
energy-carrying particles: fast electrons [87], high ener-
getic photons, and fast or vibronically excited heavy par-
ticles. In anisothermal plasmas electron impact processes
play the key role in exciting atoms and molecules. The
excitation energy can be stored in many ways by the parti-
cle: in electronic excitation, rovibrational excitation, ion-
isation, or radical formation. In collisions with other par-
ticles the stored energy may provide the activation energy
necessary to initiate a chemical reaction between the col-
liding species. Obviously, next to the electron configu-
ration of the species, the lifetime, and the energy of the
excited state crucially determine the chemical reactiveness
of a particle.

In molecular gases a large fraction of the plasma’s en-
ergy is stored in vibrational excitation. In anisothermal
plasmas, the ratio of energy stored in vibronic excitation
to kinetic energy is larger than in thermal plasmas. This
fact is responsible for the different chemical properties of
the two classes of plasmas [88]. Based on studies by Dou-
glas et al. [89] the authors of [88] pointed out that the
chemical reactivity of neutral plasma species, and there-
fore their effect in surface modification, depends on their
vibronic excitation. Also the dissociation probability of
molecular species increases with vibrational excitation. A
modification of the gas pressure or gas composition allows to influence the population of vibration levels which
may result in a change of the chemical properties of a plasma.

The physics and chemistry of the spatial or temporal afterglow is substantially different from that of theIn the
afterglow

glow. The plasma glow is maintained far from thermal equilibrium by permanent power injection. Excita-
tion, ionisation, and dissociation, dominate over recombination processes. In the afterglow, the systems evolves
towards equilibrium and dissociation processes are only powered by the energy released in relaxation and re-
combination. Energy stored in vibronic excitation slows down the decay of the plasma in the afterglow. For
instance, the strongly bond nitrogen molecule is able to transport relatively large amounts of vibronic energy
into the afterglow. The spatial or temporal development of the concentration of active species with deviating



18 2 FUNDAMENTALS OF SURFACE FUNCTIONALISATION

life times in the afterglow allows to influence their gas phase and surface chemistry. Remote plasma processing
and pulsed plasma excitation are two ways to influence the chemical composition of the afterglow of a discharge.
Both will be studied in chapter 4 for their practical implications on surface functionalisation of polymers.

2.1.2 Gas phase reactions in nitrogen-containing discharges

Amination of polymers can in principle be achieved in many types of discharges and gas mixtures, provided
they contain nitrogen. The outcome of the process essentially depends on the composition of the gas phase. Var-
ious transient species containing nitrogen and/or hydrogen are candidates for grafting or removing of nitrogen
functional groups. This section reviews processes that lead to their production.
Discharges in N2 Much of the complexity of discharges in nitrogen must be attributed to the fact that
nitrogen is a trivalent molecule. There are no fewer than nine electronic nitrogen states lying below dissociation.
A second consequence is that nitrogen can form strong multiple bonds, see table 2.1, so that reactions in which
these bonds are formed are usually very exothermic and may also be quite fast. Single bonds formed by nitrogen,
on the other hand, are not strong. The strong triple bond is also responsible for an often rich and high energetic
vibrational spectrum of N2 in plasmas conditions. Vibrationally excited N2 can substantially influence the
plasma chemistry, either by its enhanced reactivity or by (V-V) transfer that may lead to dissociation of other
molecules.

Discharges in pure N2 have been studied for nitriding purposes of various materials. In section 4.2.2, both,
MW- of RF-excited plasmas were found to be well suited for nitrogen functionalisation of polymers. However,
the amount of primary amino groups created on the surface was very low. It could be shown that hydrogen has
to be added to the gas phase to achieve satisfactory results. This can either be achieved by adding H2 or by
replacing N2 by NH3. Both gas mixtures were studied and compared in the scope of this work.
Discharges in NH3 Discharges in ammonia are of special interest for surface nitriding applications since the
dissociation energy of NH3 is considerably lower than that of N2, see table 2.1. For similar power input, a
discharge in NH3 may provide higher densities of atomic nitrogen than in N2. Incomplete decomposition or
reactions with hydrogen may give rise to the presence of ..NH or

.
NH2 in the discharge. So, an increase of the

density of atomic nitrogen over that in pure N2 is not guaranteed. However, the products ..NH and
.
NH2 may

be efficient in grafting nitrogen functionalities as well, but especially their role in grafting of primary amino
groups should be studied, as section 5.1.2.2 points out.

Generally speaking, the decomposition of NH3 by a plasma initiates a complex chemistry of gas phase andDecomposition
of NH3

surface reactions. During the last decades, decomposition of NH3 by plasmas has been studied experimentally
by many authors, e.g. [90–94], as well as theoretically [95, 96]. Electron and heavy particle collisions in
plasmas are not the only mechanism of NH3 decomposition. Photodissociation by VUV/UV radiation opens
another important channel. Since hydrogen-containing plasmas are efficient in generating VUV/UV radiation
this channel will be discussed below.

Venugopalan and Vepřek [97] stated that decomposition of NH3 is a first order process which indicates
that the primary step is the excitation of the NH3 molecule on collision with an electron. NH and NH2 were
identified as successive intermediate species. Nicholas et al. [93] give a more detailed picture: For the primary
decomposition process of NH3 by electron impact dissociation the reactions

e �NH3 � e �NH2 �H (2.1)

e �NH3 � e �NH � 2H (2.2)

are generally favoured. While in VUV photodissociation of NH3 the reaction

Γ �NH3 � NH � 2H (2.3)

is believed to play a major role, especially in MW discharges which may produce intensive VUV radiation of
hydrogen’s Lyman-Α, see section 4.6.2.1. Soucy et al. [94] emphasised the strong dependence of the overall
decomposition rate of NH3 on plasma power and gas flow. This was also found in this work, see section 4.1.2.2.
Also the concentration of fragments heavily depends on discharge conditions. d’Agostino et al. [92] suggested
that decomposition of NH3 involves the rupture of a N�H bond in vibrorotationally excited molecules. The
vibrational excitation of NH3 should determine whether NH2 or rather NH is produced in electron impact
dissociation. The main secondary process of NH3 decomposition is triggered by the vibrationally excited product
N2(X,v>20) [98].
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Absolute photoabsorption Σa cross sections of NH3 have been measured by [99–101] using synchrotronPhotoabsorption
of NH3

radiation. The total absorption cross section approaches a constant value of Σa � �20 � 25��10�18 cm2 for wave-
length less than 135 nm, half of it originating from the ionisation cross section. According to [101], the
quantum yield for producing neutral products, Γn, is high. It ranges from 100% near ionisation threshold,
with Σa � 4�10�18 cm2, to still 56% at 106 nm. At 121 nm, the wavelength of the Lyman-Α peak, the absolute
cross section is around Σa � �15 � 17.5��10�18 cm2. The NH3 molecule itself does not fluoresce efficiently. This
can be due to the fact that either internal conversions or dissociation/predissociation play more dominant roles
than the radiative decay processes. The quantum yield for fluorescence, Γf, emitted by NH2�Ã2A1�, NH�A3�1�,
NH�a1��, NH�b1���, NH�c1��, and NH�d1��� in the region from 190 to 800 nm varies from 5 to 9% when
NH3 is excited by radiation of 105 to 106 nm, see also [102]. Therefore, a large fraction (> 45%) of the neutral
photofragments produced are in the ground state or in a metastable state and must clearly be kinetically hot.
Hot atomic hydrogen from NH3 decomposition, for instance, was observed by [76] using LIF.

Many different transient species can be produced by plasmas in NH3. However, the only stable products areStable products
of NH3

decomposition H2, N2, NH3, and N2H4. Also HN3 (hydrazoic acid) is in principle possible. NH3 can be either formed in
the gas phase via NH � H2 � NH�3 [97], where the excess energy of NH�3 must be removed for instance by
collisional quenching, or in heterogeneous catalysis, see section 2.2.3.1. In most low-pressure discharges, the
production of NH3 and N2H4 nearly completely relies on heterogeneous catalysis. H2 and N2, on the other
hand, are efficiently produced in the gas phase, especially by bimolecular recombination via NH�NH � H2�N2
or NH �NH � 2H �N2. A collection of reaction coefficients can be found in appendix C.
Discharges in N2+H2 The usage of N2+H2 mixture for plasma
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Figure 2.1: For a full dissociation of
NH3 in a closed reactor the pressure dou-
bles due to production of H2+N2. A flow
of fresh NH3 together with pressure fluc-
tuations due to a non-ideal active pressure
control further complicates the gas com-
position.

processing has a specific advantage over NH3 which will be briefly dis-
cussed. The dynamics of a plasma process is closely related to changes in
the processing gas composition. If no significant conversion of the gas
occurs, the dynamics of the discharge can be expected to low. A process
performed under quasi static conditions, i.e. of low dynamics, can be
easier controlled and understood.

In this respect, there is an important difference between discharges
in NH3 and in mixtures of N2+H2. In both plasmas, N2+H2 are
the dominating stable products. While NH3 is steadily decomposed,
in mixtures of N2+H2 the major products are identical to the educts.
Therefore only in the latter case, the change of gas composition after
plasma ignition is low. In detail, the composition depends on the disso-
ciation rate of the plasma, the flow of fresh gas, the pumping speed, and
the reactor volume surrounding the active plasma zone, which buffers
educts and products. To know the temporal development of the gas
composition in NH3 discharges required to consider all these processes.

Section 4.2 studies whether the polymer functionalisation achieved in mixtures of N2+H2 can compete to
that achieved in NH3 plasmas. The reduced process dynamics of N2+H2 discharges will allow to formulate a
model for the amination of polymers in section 5.1.3.

2.1.2.1 Formation of radicals in discharges containing nitrogen and hydrogen

The most important radicals in discharges containing nitrogen and hydrogen are
.
NH2, ..NH, N..., and H

.
. They

are either produced as primary products of N2, H2, or NH3 dissociation, or as products of reactions as listed in
appendix C. A short literature review of plasma-chemical research on these radicals will be given. Detection
methods for these radicals will be compiled in section 3.2.1.

Formation of the
.
NH2 radical The

.
NH2 radical was observed by Hanes and Bair [90] in absorption

spectroscopy within 100 Μs after the start of a pulsed RF discharge of 500 Μs pulse duration. The authors took
this as indication that

.
NH2 is the primary dissociation product of NH3 rather than the product of a reaction

among other fragments from dissociation.
LIF observations by McCurdy et al. [103] of a NH3 discharges in a glass tube 13.56 MHz RF reactor at

8.5 Pa, which is about the pressure studied in this work, showed that formation of NH2 in an NH3 RF plasma
has a strong dependence on RF power. It increased rapidly with RF power, reached a maximum (at 100 W) and
decreased again. This corresponds to an increasing dissociation of NH3 with RF power producing NH2 which
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subsequently is being dissociated itself. This may be related to the translational temperature of NH2 which
increased linearly from 500 K at 25 W to 650 K at 150 W.
Formation of the ..NH radical While Hanes and Bair [90] readily observed

.
NH2 in a pulsed RF discharge

in ammonia, as mentioned before, ..NH was not detected at all using an absorption path of 26 m for the emission
of a flash light. Only after 50–100 pulses of 500 Μs duration ..NH became identifiable via its NH�A � X, 0 � 0�
emission. Nicholas et al. [93], on the other hand, using RF pulses of 50 Μs duration in NH3, observed ..NH
within 20 Μs but no

.
NH2 at all. It must be concluded that the production of ..NH and

.
NH2 strongly

depends on discharge conditions, which affect the vibrational excitation of NH3. Also production from
.
NH2

is a probable channel.
.
NH2 is known to have many anti-binding excited electronic states, so electron impact

excitation should be efficient in dissociating it. This would promote the production of NH via NH2 � NH�H.
Malvos et al. [104] reported an increase in ..NH density in an Ar+N2+H2 surface-wave-sustained discharge for
a hydrogen admixture below �H2�/ �N2� � 10%.
Formation of the N..

.
radical The bond energy of the nitrogen molecule, see table 2.1, is relatively high.

According to Armenise et al. [105] the main source of atomic nitrogen in N2 plasmas is electron impact
dissociation e � N2�X, v� � e � 2N . The N-atom density in a (N2+H2)-DC [106] and (N2+H2)-MW
[107, 108] discharges showed a maximum for a H2-admixture of about 1%. Likewise, Malvos et al. [104]
reported a strong increase in N atom density in the afterglow of an Ar+N2+H2 surface-wave-sustained discharge
for small (�H2�/ �N2� � 0.1 � 1%) admixtures of hydrogen. A hydrogen admixture above �H2�/ �N2� � 10% lead
to a destruction of atomic nitrogen. Diamy et al. [109] determined about 1% degree of dissociation in pure N2

in the afterglow of a MW discharge using a quartz tube reactor with a resonant cavity.
Formation of the H

.
radical Numerous H��

2 states are repulsive and lead to H��H� dissociation [5]. There
are thus many kinetic paths to produce H atoms by electron impact on H2. N�

2 is reported in reference [5] to
create H atoms via the reaction N�

2 � H2 � N2H� � H , �k � 2�10�9 cm3 s�1� . Likewise, collisions with
metastable and/or vibrationally excited molecules, e.g. N2�A, v�, may dissociate it. The studies of a DC plasma
in N2+H2 by Bockel et al. [106] showed an increase of the density of atomic hydrogen by a factor of 6 in the
post-discharge compared to the discharge. An effect probably caused by (V-V) transfer from N2 to H2. The
authors further considered reactor wall poisoning by N2 to be responsible for a reduced H atom recombination
on the wall. According to [5], the temperature of H atoms in a plasma can be expected to be high, since the
population of vibrationally excited H2�v� is considerably reduced by (V-T) collisions which convert vibrational
energy of H2�v� into kinetic energy for H atoms. In the present this work, the temperature of atomic hydrogen
6 � 7 cm below the plasma glow was found to be about 800 K [110].

2.1.2.2 Volume loss mechanism of radicals

Due to momentum conservation, volume recombination of atomic species as H
.

and N... requires a three body
collision. At low pressures it may therefore be less efficient than recombination at reactor walls, see section
2.2.3.2. For molecular radicals the situation is different. Due to internal degrees of freedom, they can efficiently
recombine in the gas phase via two-body reactions, as many of the rates listed in appendix C show.

2.1.2.3 Species concentrations

The concentrations of active species in a discharge sensitively depend on the actual experimental conditions:
The electric field distribution, the condition of the reactor walls, the gas composition, the recipient, the gas
flow, as well as the geometry of the plasma zone. Therfore, data from literature can usually not be compared
quantitatively between different experimental setups. The concentrations generally have to be measured for
each experimental setup and each set of parameters by appropriate plasma diagnostic methods, as discussed in
section 3.2.1.

2.2 Plasma Surface Interaction
The reaction of a species incident on a surface with low energy is a complex process. Three main phases of
a surface reaction are generally distinguished: adsorption, chemical reaction, and, sometimes, recombinative
desorption. These surface processes heavily depend on the state of the surface. Unfortunately, the state of the
first surface layer is generally quite unknown, especially for polymers. The boundary layer undergoes manifold
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reactions with the bulk material: charge transfer, chemical group rotations, diffusion, crosslinking. Therefore,
most plasma surface interactions are badly understood. Sometimes not even the main reaction path has been
identified.

With the restricted information of present surface analysis techniques it is therefore difficult to derive
reliable data on elementary processes. For instance, as von Keudell et al. [111] showed, the definition of a loss
or sticking probability of methyl on a-C:H surfaces heavily depends on the density of unsaturated reaction sites,
i.e. radicals, on the surface or on the density of atomic hydrogen in the gas phase.

Reaction sites created by plasma species are of special relevance in polymer processing. In surface passivation,
functional groups are replaced by groups of higher chemical inertness. In surface functionalisation, a high process
selectivity, i.e. the attachment of the desired functional groups only, is generally difficult to achieve. A principle
problem of both modification processes is that not all removed groups will be saturated with new functionalities
but open bonds may remain. This leaves the surface in an activated state. In processing polymers, an additional
complication arises: Due to bond breakage inside the polymer chain, the intactness of the polymer generally
decreases. This reduces the molecular weight and gives rise to mass loss and autoxidation (sec. 2.3.3.3), which
are typical ageing processes. Crosslinking of polymer chains may repair part of the damage done. In combina-
tion with continued removal of surface functional groups and double bonds, crosslinking evolves the polymer
towards an a-C:H-like surface.

The damageability of polymers also, requires precautions concerning the thermal load. It must be min-
imised since it may lead to breaking of inner-molecular bond, melting, convective movement in the molten
phase, and evaporation of the polymer. This is the reason why the afterglow of anisothermal low-pressure
plasmas is suited best for surface modification of polymers.

This section deals with mechanisms of grafting and etching of nitrogen-containing functional groups on
polymers. It will start with a short review of the research done the interaction of plasmas containing nitrogen
and/or hydrogen with polymers or related materials.

2.2.1 State of the art in amino functionalisation of polymers

Nitrogen-containing plasmas have been studied for many years in connection with surface treatment. Ap-
plications of high economic impact have been developed. Nitriding of metals, for instance, is an important
process for hardening of surfaces, while nitrogen functionalisation of polymers is used for improving adhesion
of print and glue to plastic foils in packaging industry. The importance of amino functionalisation of poly-
mers, for instance in biomaterial applications, only starts to become apparent. Due to its longer history and its
large technological relevance, research on surface nitriding, especially of metals, is more advanced than amino
functionalisation.

Plasmas processes in N2, NH3, or mixtures of N2 and H2 aiming at grafting nitrogen functionalities on
polymers have been studied by many authors, e.g. [1, 57, 58, 60, 61, 63, 68, 112–126]. Generally, the
functionalities created by nitrogen-containing plasmas include primary, secondary, and tertiary amino, as well
as imino, and nitrile groups [1], see table 1.5. Not all groups found on the surface are directly created by the
plasma but result from post-process oxidation, e.g. amido groups R C NH2

O . Together with autoxidation of the
polymer chains this effect gives rise to incorporation of oxygen, see section 4.4. The possibility to perform in
situ XPS analysis allowed to study it in section 4.4.1.

A problem of the literature on plasma processing is the comparability of results. A large variety of plasma re-
actors, discharges, and substrate materials have been studied but plasma conditions are not always well defined.
Especially application-oriented publications often just describe the process equipment, process parameters, and
give results from surface analysis but no plasma diagnostic results. Obviously, the complexity of plasma pro-
cesses together with the time- and cost-expensive requirements of advanced plasma (and surface) diagnostic
techniques can be made responsible for this situation.

Many researchers contributed important information about basic plasma surface interactions. Ricard andImportant
contributions

collaborators collected a profound knowledge on the physics and chemistry of discharges containing nitrogen.
They combined OES with LIF and titration methods to estimate the densities of active nitrogen species, e.g.
in reference [109]. A review was given in reference [107]. Also applications to surface processes have been
considered, for instance, in [104, 108] they studied the role of nitrogen atoms and NH radicals in iron nitriding.
Some work on gas phase reactions of NH and active nitrogen with hydrocarbons can be found in reference
[127, 128]. The authors developed ideas about possible reactions mechanisms for light hydrocarbons. In 1967
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Brocklehurst and Jennings [85] reviewed the knowledge on reactions of nitrogen atoms in the gas phase. Foerch
et al. [117] investigated nitrogen incorporation to polymer surfaces. They held nitrogen atoms responsible for
grafting of nitrogen-containing functional groups. Zabeida et al. [49] studied nitrogen functionalisation of
polyethylene-terephthalate (PET) in cw and pulsed MW discharges in pure nitrogen. They obtained nitrogen
surface densities up to 22 at.% for cw plasmas. For duty cycles between 80 � 20% the nitrogen density was
around 17 at.% and dropped below 10 at.% for smaller duty cycles.

Holländer et al. [53] studied the influence of VUV/UV radiation on polymers. In reference [51] also the
role of surface radicals was investigated. They give rise to post-plasma processes, which have been studied
by Gengenbach et al. [129] and others. Approaches to include surface processes to numerical simulations of
gas phase processes in nitrogen-containing discharges were undertaken by Gordiets et al. [80], who considered
surface reactions on Pyrex, and in references [14, 15].

In the framework of this paper amino groups are of special interest. Pioneering work on amino functionali-
sation has been done in 1969 by Hollahan et al. [112]. The authors treated various polymers by RF plasmas in
NH3 and mixtures of N2 and H2. Grafting of amino groups was shown by attachment of a heparin layer to the
surface after having transformed amino groups to quaternary ammonium sites by an alkylation reaction. The
authors presumed that only primary amino groups were grafted by the discharge. Major progress in the field of
amino functionalisation of polymers by plasmas was made by Sipehia et al. [57]. It was triggered by biomed-
ical research on anti-thrombogenic surface coatings. Everhart and Reilley [113] and Nakayama et al. [114]
developed derivatisation techniques for labelling primary amino groups, grafted by a plasma, for XPS analysis.
Besides biomedical applications, amino groups were investigated, e.g. in reference [123], for improving met-
allisation of polymers. Denes and Manolache [65] compared RF discharges in ammonia and in hydrazine for
grafting of primary amino groups.

D’Agostino and collaborators, exploiting their knowledge on gas phase processes in ammonia plasmas [92],
investigated in references [1, 120] polymer functionalisation by RF plasmas. Nitrogen species created by plasma
were held responsible for grafting various nitrogen-containing functionalities. While N2 molecules were con-
sidered to interact with a free site at the surfaces only, the NH radical was considered to possess sufficient
reactivity to react with polyethylene. They further suggested that hydrogen atoms reduce nitrogen functional
groups in the chemical sense. They observed an increase in amino selectivity, NH2/N, for remote plasma pro-
cessing, by hydrogen admixture to the NH3 discharge, and by a hydrogen plasma post-treatment. The increase
resulted from a faster decrease of the overall nitrogen density, N/C, than the amino density, NH2/C, of the
surface. This behaviour has been confirmed by Keller [54] and the present work during passivation of nitrogen
and oxygen functional groups on polymers by a remote hydrogen MW plasma, see section 4.5. In reference
[130] the authors extended their investigations of plasma processes for grafting of amino groups to pulsed RF
discharges in NH3. They found that RF power modulation is an effective tool for selecting excited species,
especially for selectively grafting �NH2. Amino selectivities, NH2/N, up to 60% were reached. The obtained
amino efficiency, NH2/C, was not given in the paper. The works of d’Agostino et al. were accompanied by
actinometric OES measurements. The authors investigated correlations between species densities in a NH3+H2
RF plasma and surface chemistry on polyethylene, and studied the overall density of nitrogen groups and the
selectivity for grafting of primary amino functional groups [1]. The emission intensities of N2�C � B� and
NH�A � X� normalised to Ar emission showed how to provide simple means for controlling the extend of
grafting of the overall nitrogen functionalisation.

Butoi et al. [125] developed a very interesting technique to study surface interactions of radicals with
polymers. They employed LIF to spatially monitor the scattering of a NH2 molecular beam by different polymer
surfaces.

In 1997, our group published a plasma-based method for the generation of chemical micropatterns on
polystyrene consisting of regions with high or low density of amino groups [131, 132].

As mentioned in the introduction, a key motivation for this work was the observation that all non-coatingSubject
of this work

plasma processes found in the literature failed to graft primary amino densities on polymers significantly ex-
ceeding NH2/C � 3%, [1, 54, 64, 114, 115, 120, 122]. A value of NH2/C � 3% may be sufficient for bonding
large biomolecules to a polymer surface in biomaterial applications. However, this low value is unsatisfactory
from a principle point-of-view until the reason for its limitation is understood. To find a possible explanation
is subject of this work.

It should be kept in mind, that the quality of a plasma process aiming at grafting primary amino groups on
a surface is estimated by means of determining a surface density. As discussed in section 3.4, the basic problem



2.2 PLASMA SURFACE INTERACTION 23

is to chose a sensible depth over which the density is averaged. This has to be kept in mind, when surface
densities are measured and compared to results from literature.

2.2.2 Reactions of plasma species with polymer surfaces

A plasma in gases containing nitrogen and hydrogen produces a large number of transient species, see section
2.1. Some of them have sufficient reactiveness to modify polymer surfaces. Among them are VUV/UV photons,
NH, NH2, H, N radicals, ions, metastables of NH, N2, N and other vibronically excited species. Especially
the radicals, ions and metastables deserve our special interest since they are candidates for grafting nitrogen-
containing surface functionalities. But also surface activating processes of photons may enhance the surface
reactivity of low-energetic chemical species. Since molecular and atomic nitrogen have many energetic excita-
tions, traditionally, it was spoken of active nitrogen to denote reactive nitrogen plasma species. Unfortunately,
even nowadays, this expression appears appropriate in context of surface functionalisation since the individual
reaction mechanisms of the different nitrogen-grafting species are still not well understood.

In surface catalysis, heterogeneous surface reactions are generally categorised as falling into one of two
limiting cases: Langmuir-Hinshelwood or Eley-Rideal. In the Langmuir-Hinshelwood mechanism, the reactant
is adsorbed and thermally equilibrated with the surface prior to reaction. In the Eley-Rideal mechanism, an
incident gaseous particle reacts directly with the surface. In reality, a continuum exists between these two cases.
Distinguishing the two mechanisms requires a kinetic study of the reaction dynamics.

2.2.2.1 Reaction mechanisms of radicals and other excited species

Most radicals are of high reactivity. The different types of their reactions will be introduced here. The issue
of radical reactions that lead to amino and nitrogen functionalisation of polymers will be addressed in section
5.1.2 and discussed in section 5.1.4.

Radicals are created by dissociation of molecules. Simple radicals tend to react easily and quickly, while
dangling bonds in polymer chains may show a weak reactivity. The inner energy a radical carries is determined
by its formation enthalpy which can be derived from half the binding energy of a molecule made of two of the
radicals, see table 2.1. Radical reactions either produce stable products or a radical of generally less reactivity.
The reactions former are called combination or attachment, the latter addition, substitution, abstraction, or fragmen-
tation. The differences may appear subtle, but a proper distinction of these reactions will be necessary in the
following.

combination attachment
A

.
� B

.
� A�B R�A

.
� B

.
� R�A�B

addition substitution abstraction fragmentation

R��A � B
.
� R A

B. R�A � B
.
� R�B � A

.
R�A � B

.
� R

.
� B�A R�A�R� � B

.
� R

.
� B�A�R�

Radical reactions break a covalent bond homolytically. relative Substitution Probability of H
primary secondary tertiary

attacking
Radical

HC C C CH
C
C

CH C
C

C

F
.

0.71 0.86 1.00
Cl

.
0.20 0.76 1.00

Br
.

6�10�4 0.02 1.00
Table 2.2: Example of selective radical substitution reactions
R

.
� H�C��� � R�H � .C��� on (iso)butane according to [84].

The selectivity of the substitution decreases with the reactivity
of the attacking radical.

The more polar a bond, the less reactive it is in rad-
ical attacks. The reactivity also depends on the dif-
ference of formation energies of the abstracting and
the abstracted radical. As table 2.2 illustrates, the
more reactive a radical, the less influential the bond
polarity is for the substitution reaction. The polar-
ity of a bond is inversely correlated to the range of
the charge distortion caused by an electronegative or
electropositive functional group. The range depends
on the ability of the neighbouring atoms to compen-
sate the charge request. Tertiary and secondary func-
tional groups, being bond to three and two carbon atoms, respectively, are therefore less polar bond than primary
functional groups. As a consequence, the former should be abstracted or substituted more easily than primary
groups. This is an important point with respect to selective removal of functional groups. Functional groups bond to
allyl or benzyl structures should be abstracted even more easily. This effect causes radical abstraction reactions
to exhibit a selectivity hierarchy for tertiary, secondary, and primary groups. An experimental example from
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literature is shown in table 2.2. Iodine, which is not listed in table 2.2 has such a low reactivity, that it mainly
reacts in combination reactions. This property was used for labelling of dangling bonds by iodine [133]. Next
to the polarity also the bond multiplicity matters for the rate and type of radical reactions: Early works by Safrany
and Jaster [128] suggested that hydrogen atoms tend to add hydrogen to unsaturated hydrocarbons, while they
abstract hydrogen from saturated ones. Concerning reactions of nitrogen atoms, Brocklehurst and Jennings [85]
reported that reactions of nitrogen atoms at room temperature proceed slower with saturated than unsaturated
hydrocarbons. And last, not least, the valencies of the radical and the attacked element crucially determine
the type of possible reactions. This fact will be discussed for the example of univalent hydrogen and trivalent
nitrogen in section 5.1.2.2.1.

The basic reactions schemes of radicals can, in principle, be transferred to ions, metastables, and otherIons,
Metastables,
vibrationally

excited species
vibronically excited species. But quantum-mechanically, the reaction mechanism depends on the actual electron
configuration (orbitals) of the surface and the attacking species. The species named before carry an extra portion
of inner energy which may be released on contact to the surface or may promote chemical reactiveness. The extra
kinetic energy of ions results from their passage of the potential drop in the sheath between the plasma (plasma
potential) and the substrate surface (floating potential for isolating substrates like polymers). Ion bombardment
may cause substantial damage to a polymer surface. Comparing the penetration depth of ions and neutrals of
the same kinetic energy one finds that the stopping power of a surface is generally higher for charged particles.
The kinetic energy of ions is therefore deposited in a thinner surface layer than that of neutrals. In addition, the
ionisation energy of ions is being released if charge recombination occurs in the surface.

Long-living metastable species, being produced in the glow, have a higher probability of transporting their
activation energy to the surface than short-living electronically excited ones, see table 3.1.

2.2.2.2 Reactions of VUV/UV photons

As was already pointed out in section 1.3.1.2, polymers can absorb radiation in the VUV/UV range. High-
energetic photons are capable of creating dangling bonds by breaking inner molecular bonds. The consequences
for different polymer materials were studied by [50, 51, 53]. The authors observed mass loss and post-oxidation
phenomena. Aromatic polymers showed to be more inert than aliphatic polymers, compare section 1.3.1.2.
Another possible effect may be photolysis of functional groups off the surface. In section 4.6.2, the results of
experiments on the effect of VUV radiation during plasma functionalisation are reported. Results on the VUV
intensity of MW discharges in NH3 and H2 are presented in section 4.6.2.1.

2.2.3 Reactor wall reactions of plasma species

The nature of the reactor walls plays an important role for the composition of the gas phase of a plasma.
Especially at low process pressures the recombination rate of electrons, ions, and radicals at the walls may easily
dominate that in the gas phase. The walls are usually a drain for the energy of rovibronically excited or fast
particles.

In the plasma reactor used in the present work, the metal side walls but not the quartz coupling window
are relatively far away from the plasma glow.

2.2.3.1 Heterogeneous catalysis

Especially metallic reactor walls may have a catalytic effect. In heterogeneous reactions with radicals, formation
of higher molecules may occur, a technologically very important process [97, 134, 135]. As was found for
discharges studied in section 4.1.2.1, NH3 is created in non-negligible quantities, most probably, on the walls
of the UHV reactor used in this work. Also N2H4 may be formed this way [136].

2.2.3.2 Other wall losses

Sticking and recombination processes belong to the often-studied phenomena occurring at reactor walls. They
determine concentration gradients of active species in the plasma. However, the condition of a wall may deviate
from its virgin state by oxide, water, or polymer layers. This may drastically affect the recombination rates.
Since the actual state of a reactor wall is usually unknown and may change during an experiment, recombination
coefficients from literature have to be handled with care.
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Each species has a specific sticking probability due to adsorption to the surface. The adsorption mechanism de-
pends not only on the nature and temperature of surface but also on the nature and energy (including excitation)
of the molecule. Radicals adsorbed to the surface can recombine and/or detach again. In associative abstraction,
impinging radicals react with already bond ones. If all adsorption sites of the surface are covered, the loss-rate
not necessarily slows down, it may even increase. The recombination or sticking probability of plasma species
determines the gradient of their gas phase density profile. But also their transport behaviour is relevant. Lighter
species diffuse faster. So, atomic hydrogen, for instance, may reach the reactor walls faster than atomic nitrogen.

The walls of the UHV reactor vessel used in the present Surface Material Loss Probability ΓN Ref.

Pyrex 3�10�5 [85]
Quartz (at 1000K) 6�10�5 [137]
Silicon 5�10�4 [138]
Iron (unsputtered) 6.7�10�4 [137]
Stainless Steel 4.8�10�3 [138]
Aluminium 1�10�3 [138]
Table 2.3: Nitrogen atom loss probability ΓN on various
surface materials.

work, are predominantly made of quartz and stainless steel.

The loss probability ΓN of atomic nitrogen on quartzLoss probability
of atomic
nitrogen and iron surfaces was studied by Belmonte et al. [137] who

placed the surfaces in the afterglow of an Ar/N2 microwave-
sustained discharge at 1500 Pa total pressure. The authors
determined a ΓN value of 6.7�10�4 for an iron surface at
room temperature. It is considerably lower than the ΓN

value of around 0.005 � 0.01 most commonly found in
other publications, see tab. 2.3. The discrepancy of one order of magnitude can be explained by the remote
plasma location of the iron surface in Belmonte’s experimental setup where no sputtering occurs. Whereas the
cathodes in RF (or DC) discharges, as used by Adams and Miller [138], are permanently cleaned by sputtering.

The loss probability ΓH of atomic hydrogen on the walls Surface Material Loss Probability ΓH Ref.

Reactor Wall 1�10�2 [110]
Table 2.4: Hydrogen loss probability on the wall of the
UHV reactor according to [110] determined by TALIF.

Loss probability
of atomic
hydrogen of the UHV reactor used in this work are given in table

2.4. It has been determined by Duan [110]. A decay
time of atomic hydrogen (about 10 ms) was determined
by TALIF in the temporal afterglow of MW discharges in
hydrogen and in ammonia at 11 � 55 Pa, see table 4.2, and set in relation to the geometry of the reactor vessel.
More data on hydrogen sticking can be found in reference [139, 140].

Results from tungsten surface nitriding experiments of Amouroux et al. [88] suggested that the stickingLoss probabilities
of other species

probabilities of N2, NH3, and NH on tungsten depend on their vibrational state. This was studied in detail on
ruthenium surfaces by Jacobi [141]. Vibrationally excited N2 showed an increased sticking coefficient.

2.2.4 Analogy: Growth of amorphous hydrogenated carbon films

In the context of radical substitution and attachment reactions with polymers, it is instructive to learn about
the importance of the presence of atomic hydrogen for the sticking probability of methyl radicals. A major
breakthrough in the understanding of these processes was made by von Keudell et al. [111] and will be shortly
reviewed. It was achieved on a-C:H surfaces, which are, due to applications in diamond deposition, far bet-
ter studied surfaces than the polymers used for this work. However, amorphous hydrogenated carbon films
have polymer-like nature, and hydrogen-plasma treated polymers start to develop an a-C:H-like character, as
discussed in section 2.2. So, some of the fundamental reaction mechanisms may be transferable. For the hetero-
geneous reactions, the surface mobility of adsorbed species or active sites are of general concern. From what is
known on a-C:H surfaces, mobility on surfaces may also be assumed to be low on polymers. The key observation
made by von Keudell et al. [111] is the following: The authors directly identified the role of hydrogen atoms
for the growth of a-C:H films. The presence of atomic hydrogen (flux 4�1015 cm�2 s�1) in a

.
CH3 radical (flux

3�1014 cm�2 s�1) beam directed onto an a-C:H surface enhanced the growth-rate by two orders of magnitude
compared to a H

.
-free methyl beam. The sticking coefficient of methyl on a-C:H raised by two orders of mag-

nitude from 1�10�4 to 1�10�2. They estimated the adsorption probability of methyl at a radical site to be 51%.
Atomic hydrogen efficiently creates radical sites by hydrogen abstraction. These surface sites are conjectured to
be necessary for methyl addition. Hydrogen abstraction could also be performed by methyl, but this process
was found to be less efficient and consumes methyl radicals.
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2.3 Post-Plasma Surface Processes
A major concern for the practical relevance of a surface functionalisation process is the durability of the prod-
uct. Plasma modification processes of polymers generally leave the surface in an activated state. This causes a
number of effects which are known to deteriorate the quality of a functionalisation. Three classes of post-process
changes have to be distinguished: Firstly, entropy-driven self re-organisation of the surface. It leads to a loss of
surface functionality by rotation or diffusion of groups from the surface into the bulk material. Secondly, some
functional groups intrinsically possess a reduced stability against oxidation on air. They have to be stabilised by
an appropriate environment, e.g. a low temperature, an oxygen free storage container, or a chemical protection
of the group. Thirdly, changes that result from the in some aspects harsh plasma environment. These are mainly
active reaction sites (dangling bonds) that are created but not saturated during the plasma treatment. They may
give rise to autoxidation of the polymer. The various processes will be subject of the present section. Their
discussion was motivated by experimental results on the temporal decay of surface functional groups, presented
in section 4.4.2.

An important question in contemporary polymer functionalisation is how to overcome the negative effects
of post-plasma reactions. While the deterioration of steep functionalisation gradients by diffusion is difficult to
tackle, for the treatment of dangling bonds two approaches exist. They can either be saturated by crosslinking
of the polymer itself, or by attaching auxiliary substances like radical scavengers or monomers. As will be
discussed later in this section.

2.3.1 Motility of surface functional groups

Plasma modification generally creates functional groups only in the very first surface layer(s). The resulting
steep concentration gradients drives diffusion processes. Any polarity of functional groups enhances the energy
density of the surface and exerts an additional driving force. Migration or rotation of functional groups into the
surface has been observed on storage. They reduce the density of groups available at the surface. Foerch et al.
[117], Gengenbach et al. [129], Everhart and Reilley [142] studied these effects by means of XPS and contact
angle measurements. In crosslinked polymer surfaces the polymer chains form a tight network, see section
2.3.3.2. They were reported to show a reduced motility of surface functional groups.

2.3.2 Oxidation of functional groups

On contact to oxygen from air amino groups can oxidise to amides(2) R C NH2

O . This process may also be effi-
ciently initiated [84] by peroxides formed in oxidation of dangling bonds, see section 2.3.3.3. Another oxidation
schemes was suggested by Foerch et al. [117] who assumed hydrolysis of primary imines by atmospheric water
to ketones

C R
NH

R � H2O � R C
O

R � NH3

to be responsible for fast post-process oxygen incorporation accompanied by loss of nitrogen. The fragmentating
hydrolysis of secondary imines to a carbonyl- and a primary-amino-terminated polymer was supposed to be
slower

CR
H

N R � H2O � R C
O
H � H2N R .

2.3.3 The role of dangling bonds

Radical sites of the polymer created by the plasma treatment crucially affect the post-process behaviour of
polymers.

2.3.3.1 Detection of dangling bonds

The density of radicals in polymers can be quantified by electron spin resonance (ESR). Surface radicals require
a derivatisation reaction to be quantifiable by XPS.

Wilken et al. [133] studied reactions of iodine vapour with dangling bonds. The authors judge it difficultLabelling
by halogens

(2)This is the reason why polyallylamine, which was used for preparation of a test surface for the XPS derivatisation technique in sec.
3.4.2.3, is delivered as hydrochloride.
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to determine absolute radical concentrations by XPS due to the poorly-defined depth dependence of XPS. In
principle, bromine is equally well suited for the same purpose.

Wilken et al. [51, 133] also studied reactions of surface radicals that were created by VUV irradiation ofLabelling
by NO

different polymers with NO. The nitrogen uptake was taken as a measure for the total radical surface density.
While secondary and primary radicals react with NO to nitroso groups which are immediately transformed to
oximes by a hydrogen migration from the carbon to the oxygen atom. Tertiary radicals form nitroso groups
which may be oxidised by NO to nitro and nitrate groups. The authors assumed the concentration of oxime
groups to be a measure for the concentration of primary and secondary, and the sum of the concentration of
nitroso, nitro and nitrate groups to represent the density of tertiary radicals. The surface densities of secondary
and primary, and tertiary radicals could therefore by determined by XPS: An energy resolution of around 2 eV
was sufficient to resolve the shifts in the nitrogen 1s electron binding energy by oxime, nitroso, nitro and nitrate
groups, see table B.2.

2.3.3.2 Crosslinking

Crosslinking is a way of de-activating dangling bonds. It stabilises the polymer surface against autoxidation and
reduction in molecular weight. Unsaturated and aromatic polymers have a higher propensity of crosslinking
than aliphatic ones. Experiments which aim at crosslinking a polymer surface, also called CASING (Crosslink-
ing by Activated Species of INert Gases) [143], use the impact of ions from an inert gas discharge to provide
kinetic energy for breaking polymer chains. Polymers may show spontaneous crosslinking of polymer chains
after chain scission. Crosslinking creates a polymer network. The propensity to crosslinking is enhanced for un-
saturated and aromatic hydrocarbons. Helium, the lightest inert gas, was found to be suited best for crosslinking
the outermost polymer surface by Clark and Dilks [143] due to its low kinetic impact on the surface.

2.3.3.3 Autoxidation of dangling bonds

Autoxidation is the mechanism behind post-process oxidation observed after plasma modifications of polymers. It
promotes polymer degradation and largely enhances the oxygen content of the surface. Dangling bonds can
react with molecular oxygen from the atmosphere. The reactions occurs already at low temperatures and leads to
formation of peroxides

C � � �O O � � C O O � .

A subsequent hydration of the peroxide initiates the process of autoxidation. The radical site is handed over
either inner-molecularly, being a fast process [144], or to a neighbouring polymer chain, being a slow process,
in exchange for a hydrogen atom

C O O � � C H � C O O H � C � .

The speed of autoxidation strongly depends on the structure of the polymer. Alkanes, i.e. saturated hydrocar-
bons, react slower than alkenes and alkines, i.e. unsaturated hydrocarbons, and aromatic compounds. A detailed
discussion can be found in references [53, 145]. The latter performed a time-resolved investigation of per-
oxy radical formation from plasma-induced surface radical on polyethylene. According to Holländer [144], on
contact to the atmosphere each surface radical, on average, give rise to a fast incorporation of about 5 oxygen
atoms.

2.3.3.4 Saturation of dangling bonds

Several approaches exists to prevent autoxidation of polymers at contact to the atmosphere by curing of dangling
bonds. They will be briefly described in the following. Section 4.6.3 will present experimental results of tests
of the different methods.
Tempering Tempering of polymer substrates at elevated temperatures provides extra kinetic energy to the
polymer chains. This should enhance the cross linking probability of chains and dangling bonds.
Surface-radical-initiated polymerisation Gas phase reactions of monomers with radicals on the substrate
surface may initiate polymerisation. Unfortunately, the number of radicals remains practically constant during
the process. So, no net quenching of radicals occurs. Uncontrolled polymer chain formation may result in thin
film growth and may cover other surface functionalities. From classic polymerisation ethin is known not to
polymerise, ethen to polymerise poorly.



28 2 FUNDAMENTALS OF SURFACE FUNCTIONALISATION

Scavenging of dangling bonds Another way to quench active sites at a surface is to expose them to
radical scavenger molecules or halogens. They have the potential to “annihilate” radicals without starting
polymerisation. NO is known as an efficient radical scavenger. But also radical attachment reactions of halogens
with low reactivity can be used, compare section 2.2.2.1. NO and iodine were employed by Wilken et al. [51]
to label them for XPS analysis. In reference [51] NO was used to incorporate up to 4% nitrogen to an activated
polymer surface. Since NO incorporates oxygen as well, the method it is not suited to create oxygen-free
surfaces. The authors also investigated incorporation of bromine for subsequent selective bonding of higher
molecules. Also phenyl compounds are known to form free, non-polymerising, stable radicals which should be
studied for scavenging dangling bonds.

Another promising way of scavenging dangling bonds is the exposition of an activated surface to methyl
radicals. An efficient way to create methyl radicals was described by [111]. The authors produced methyl
radicals by thermal decomposition of azomethane C

H
H

H
N N C

H
H

H
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This chapter deals with describing the experimental equipment used for this work. The experimental conditions
of investigated plasma processes will be described in chapter 4.

3.1 Plasma Reactor System
The plasma reactor system used in this work [40] exhibits a number of particularities, which are worth being
described in more detail. Its process and analytical equipment was chosen according to the requirements of
plasma processing of polymer materials for biomaterial research and applications.

Biomaterial applications and basic plasma research both require a clean reaction environment for two rea-
sons. Firstly, to assure a good process reproducibility, and secondly, to reduce the number of elementary
reactions of reactive species in the plasma. For these purposes a clean reaction environment, including the sup-
ply of highly purified processing gases, is mandatory. It enhances the reproducibility of a plasma process and
sometimes even determines whether a process is successful at all. For instance, it was observed in reference [117]
that the reactor’s base pressure crucially determines the amount of nitrogen being incorporated to a polymer
surface by a nitrogen plasma, see also section 4.2.6.

Polymers are heat sensitive materials that require a number of additional precautions when treated by
plasmas. To reduce surface damage, not only the heat flux must be controlled but also the mean kinetic energy
of impinging particles should be kept below the polymer-specific binding energies of about 4 eV. This favours
the use of microwave discharges and remote processing at low pressures. Another important aspect of polymers
is that of surface activation due to bond scission in the polymer skeleton or in side groups. The resulting
increased reactivity of the surface may lead to subsequent reactions with the atmosphere that can deteriorate the
result of plasma processing.

29
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The combination of advanced gas-phase diagnostic techniques and quasi in situ surface analysis with different
methods of plasma excitation, the UHV layout of all of its components, and the possibility to treat samples up
to 200 mm diameter in batch production of 10 each make the reactor system an unique device for plasma and
plasma processing research. Examples for combined reactor and analysis instruments that are comparable to
the plasma system used in this work were described in references [126, 146, 147]. Compared to these research
instruments, the present system has extended batch production capabilities.

Only basic plasma or biomaterial application research may justify this advanced experimental equipment.
For industrial plasma processing of polymers for glueing or metallisation applications the device and the sample
handling would be too expensive. An exception forms liquid crystal display manufacturing, which has com-
parably high process requirements. A sound understanding of a plasma process under clean process conditions
may help to understand the role of contaminations in low vacuum reactors, see also section 4.2.6.

The plasma processing research in this work profited a great deal from synergetic effects of the combination
of enhanced reproducibility, due to a clean processing environment, and the possibility to treat larger number of
samples. It made extended experimental series possible, leading to comparable results. The possibility of quasi
in situ surface diagnostic techniques allowed to separate the effects of a plasma treatment from that of contact
of an activated surfaces to the atmosphere. The flexible design of the plasma reactors allowed to investigate the
generation of spatially extended plasmas by means of microwave (MW) and radio-frequency (RF) excitation.
As long as scaling of plasmas remains a challenging task, any reliable research has to be performed using the
original (large) substrate size. This work put special emphasis on the generation of large-area surface-wave-
sustained MW plasmas.

Main Transfer
Chamber

Transfer E
lements

Load Lock

Magazine
and Load Lock

Reactor B

Reactor A

Reactor C

Surface
Analytics
Chamber

Figure 3.1: Schematic view of the UHV research and processing system. Both load locks open into a clean room. While reactor A was
used a general purpose plasma modification reactor, reactor B was exclusively used with oxygen-free gas mixtures. Reactor C is reserved for
basic plasma research.

3.1.1 Components of the UHV reactor system

The system comprises three plasma reactors, a derivatisation chamber, a magazine to store up to 10 samples, an
XPS analysis chamber, and two load locks. The components of the system are connected by a common UHV
tunnel which allows contamination-free specimen transfer between subsequent processing and analysis steps,
and the use of a common load lock. The linear arrangement of the different modules of the reactor system, see
figure 3.1, makes it expandable by additional plasma chambers or new analysis module. All modules are capable
of handling substrates of up to 200 mm wavelength diameter and 10 mm height. Alternatively, a standardised
specimen carrier can hold larger numbers of smaller samples of flexible geometry.
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The vacuum chambers are made from stainless steel. The whole system is sealed in UHV technique and
equipped with powerful oil-free pumps(1). The plasma reactors, whose large view ports are sealed by differen-
tially pumped o-rings, reach a base pressure of 5�10�5 Pa. The pressure in the magazine and the transfer tunnel
is better than 10�6 Pa, while the XPS analysis reaches a pressure better then 10�7 Pa. The magazine and one
of the load locks are charged from a clean room of class 1000. Sample preparation in the clean room has a
positive effect on surface purity by avoidance of dust. Also cell culture experiments as reported in section 5.2.4
were performed in the clean room. Horizontal specimen transfer in longitudinal direction in the main tunnel is
realised by a rail carriage driven by a punched stainless-steel tape. Transversal transfer from the tunnel into the
reactor, storage and analysis modules is performed by standard magnetic drives, whereas bellow-sealed lifting
devices allow vertical movements inside the modules. A computer keeps track of the transfer element positions
and prevents accidental closure of gate valves while transfer is in progress.

High purity processing gases are introduced to the plasma reactors via mass flow controllers either fromProcess control

top through a circular slit, or through a central bore in the substrate table. All process timings and parameters
as gas pressure, gas mixture, plasma ignition, coupled plasma power, and sample-to-plasma distance are under
computer access. Plasma processing can be automated by means of macro programming language. This adds to
the reproducibility of results and facilitates batch production.

Polymer surfaces that were subjected to plasma processing show spontaneous oxidation after contact to theQuasi in situ
analysis

atmosphere, see section 2.3.3.3. In a multiple step processing sequence, the interconnecting UHV transfer
tunnel allows to avoid this sometimes fatal contact to the atmosphere during transfers between reactor and XPS
analysis chamber. The XPS analysis of samples that had no contact to the atmosphere but were transferred in
UHV only will be called “quasi in situ”. By comparison of quasi in situ and ex situ XPS analysis results, oxygen
incorporation by the plasma process can be distinguished from that of post-process oxidation, see section 4.4.

3.1.2 The plasma reactors

The design of the plasma processing system for hand-

Figure 3.2: View into the plasma reactor shows the MW cou-
pling window (top), the substrate table (below), the viewports,
and the Heriott cell mirrors for TDLAS with spots from the
alignment laser (left and right).

ling substrates of 200 mm diameter required plasma
sources capable of generating equally dimensioned
plasmas. The requirement of large-area plasmas can
be met by surface-wave-sustained MW excitation. Mi-
crowaves allow to generate high-density plasmas at
comparatively low average electron and ion energies.
The latter is important with respect to treatment of
polymers. To reduce surface damage to polymers by
molecules, atoms, and ions the mean kinetic energy
must be kept below the polymer-specific binding en-
ergies, typically around 4 eV.

Two of the three UHV plasma reactors of theUHV reactor

processing system are identical in design. One of
them was used for this work. It is shown in figures
3.2 and 3.3, and will be described in the following.

The cylindric form and the large volume of 75� of the vacuum vessel exhibit a favourable surface to volume
ratio of 10 cm, which cannot be reached by smaller reactors. It not only reduces the contamination of the plasma
by wall-adsorbed species but allows to maintain relatively small density gradients of species which recombine
at the reactor wall. This enhances the plasma homogeneity and should have a positive effect for a possible
simulation of the plasma.

The central upper part of the UHV plasma reactor vessels consists of a dielectric power coupling window
made of quartz. This window has a diameter of 20 cm and is surrounded by a circular slit for gas inlet. For
plasma excitation it can be equipped with different MW or RF antennas. For this work a home-made MW
antenna was used. Together with a RF generator which was connected to the substrate table the excitation of
MW and RF plasmas was possible.

(1)The technical data of the pumps can be found in the appendix.
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Four extremely large quartz viewports of 175 mm diameter and transmission down to 200 nm allow instal-
lation of spatially resolving plasma diagnostic techniques. They can be easily exchanged by cluster flanges for
special analysis equipment. For TDLAS analysis, for instance, a cluster flange bearing three potassium bromide
(KBr) windows of 40 mm diameter was used.

The substrate table is adjustable in height, to chose field applicator

microwave

gas
inlet

to
differential

pump

specimen transfer
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pump

cooling
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table alignment
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quartz
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specimen carrier
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{
Figure 3.3: Sketch of the UHV reactor used for this work. Sub-
strate table positions like pos. 1 and 2 were, for instance, used
during afterglow MW and afterglow RF plasma processing.

between glow and afterglow processing, and can be tem-
pered in a range between �20 to �80�C. Its top can be
tilted to be aligned for near-surface spectroscopy. The
plasma-diagnostic equipment of the system is described
in section 3.2.2.

A pressure controller actively controls the pumping
speed by an exhaust throttle valve to keep the process
pressure constant. The time required to level off pres-
sure jumps due to plasma ignition depends on gas flow
and process pressure. It may be critical. Especially in
highly dissociative plasmas the pressure jump after ig-
nition is high. For cw MW discharges in NH3, studied
in section 4.1.2.2, the pressure nearly doubled within 5 s.
At 10 Pa and 15 sccm it took about 60 s to return to the
nominal pressure. This has to be considered for short-
duration processing. If the same cw MW plasma is ig-
nited at about half the nominal pressure already during
filling the reactor with NH3, the pressure jumps right
to its nominal value. Only then the controller slowly
starts to compensate the further gas flow. For other gas
mixtures the pressure overshot should be determined
prior to the plasma treatment and the ignition pressure
be chosen accordingly. For the cw RF plasma no signif-
icant pressure increase was observed, so pressure control
during ignition is unproblematic.

3.1.2.1 Excitation of radio-frequency-sustained plasmas

To realise the manifold features of the substrate table, mentioned above, required a complicated mechanical
design of its bottom side, which is only partially concealed by a stainless steel shielding. As a consequence, RF
plasma excitation with the substrate table as powered electrode suffers from a badly defined electrode surface.
The glow immerses the table together with its infrastructure on the bottom. Three ceramic needles allow to lift
a substrate 5 cm above the substrate table, i.e. position 2 in figure 3.3. This way, afterglow RF treatments can
be realized. The RF impedance of the setup is quite high and could not be matched by a standard matchbox.
Bypassing it showed the matching to be acceptable without matchbox. However, experiments in section 4.1.2.2
suggest that the reflected power reading of the RF generator is only about half of the true value.

Power modulation of RF discharges was possible down to about 1 ms pulse duration. However, due to the
already large amount of data collected for cw RF, cw MW, and pulsed MW discharges, no experiments on RF
duty cycle variation were performed.

3.1.2.2 Excitation of microwave-sustained plasmas

In contrast to RF or DC discharges, MW plasmas may exhibit a relatively low mean ion (and electron) energy,
compared to polymer-specific binding energies. This may, in principle, help to preserve the surface of polymers
exposed to plasma processing. On the other hand, microwaves are able to generate over-dense plasmas and to
dissociate molecular gases very efficiently. As section 4.6.1 will show, the latter fact may spoil any positive
effect of a low mean ion energy for polymers. The following subsection describes the source used in this work
for the generation of surface-wave-sustained MW plasmas.
The antenna, conical line under study was a conical line as shown in figure 3.4. This antenna generally excites a
surface-wave-sustained plasma which is concentrically spread below the dielectric window, as shown in figure 3.5.
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Comparable MW plasma sources were described in references [22, 36, 37, 39, 148] and discussed in section
1.2.3. The plasma is generally radially homogeneous but exhibits an enhanced emission below the gap between
the inner and outer conductor of the conical line antenna. Its diameter is about 22 cm. The vertical extension of
the plasma glow is pressure dependent, according to its skin depth. For a pressure decrease from 100 to 10 Pa
it increased from about 1 to 2 cm. So, the plasma glow volume was about 380 to 760 cm3. At a gas flow(2) of
15 sccm the retention time in the plasma glow ranged from 1.5 at 100 Pa to 0.3 s at 10 Pa. If the microwave power
does not suffice to excite a plasma in the whole area below the coupling window the azimuthal symmetry of
the plasma is broken into a three-fold structured glow. The manifold of standing-wave modes as generated in
reference [27] was not observed. Most of the modes are possibly suppressed by the relatively complex boundary
condition imposed on the wave propagating inside the window in radial direction: The border of the coupling
window is oblique and fits into a conductive metallic flange. The oblique border was originally chosen for vacuum
sealing reasons. In resonator mode the plasma is no longer concentrically spread but gets ball-shaped below the
coupling window, shown in figure 3.6. Comparable plasmas have been studied and simulated for instance by
Rau and Trafford [149]. In pulsed plasma mode the ball may even levitate without contact to the coupling
window, as observed by Baeva et al. [81, 82].

Figure 3.5: Microwave plasma in surface wave mode. Figure 3.6: Microwave plasma in resonator mode.

The geometry of the MW antenna used in this work

conical line applicator

microwave

rectangular waveguide

coaxial tuning

rectangular tuning

plasma glow

microwave window

Figure 3.4: Sketch of the conical line MW applicator.

results in a specific plasma behaviour: The power con-
sumption of an volume-restricted surface-wave-sustained
the plasma cannot be varied easily. In transversal direc-
tion, the radius of the inner conductor of the conical line
antenna and the conductive outer flange of the coupling
window restrict the minimal and maximal radial expan-
sion of the plasma. In addition, the penetration depth
of the sustaining evanescent field is limited by the con-
ductivity of the plasma. This effect restricts the vertical
expansion of a plasma below the coupling window to a
few multiples of the skin depth. The latter depends on
the working pressure and the plasma density, see section
1.2.2.2. Increasing power enhances the degree of ionisa-
tion which reduces the penetration depth of the microwave. The restricted plasma volume affects the ignition
behaviour of the plasma. If the provided microwave power is too low, the plasma either ignites as a plasma ball
in resonator mode or becomes planar but inhomogeneous in surface-wave mode, see next paragraph. For too
high MW powers, one part of the power is reflected by the plasma, another part is transmitted. Due to the large
viewports of the recipient, part of the transmitted power is lost into the laboratory. So the absorbed MW power
of the plasma tends to be smaller than the difference of incident and reflected MW power in the wave guide.

(2)The filling time of the reactor at 15 sccm to 11 Pa is 33 s.
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Whenever possible, in this work a radially homogeneous surface-wave-sustained plasma was used for plasma
processing and diagnostics.

3.1.2.2.1 Ignition behaviour

The MW plasma excited by the conical line antenna shows a complicated ignition behaviour. It ignites in two
different ways. The critical electric field strength for self ignition can only be reached if the distance between
(metallic) substrate table and the MW coupling window is matched. In molecular gases, the plasma only ignites
if the table has the following distances 3 � 1, 10 � 1.5, 19 � 2, 27 � 3, 39 � 5 cm. The difference corresponds
approximately to half of the 12.2 cm vacuum wavelength of 2.45 GHz microwaves. So, a standing wave forms,
providing the necessary field strength to form a plasma. Alternatively, the critical field strength can be reached
at metallic edges of the substrate table. In pulsed plasma experiments the plasma reproducibly ignited at the
table in resonator mode, and was then observed to ‘jump’ to the dielectric MW window to evolve into the
surface wave mode. Obviously, a surface-wave-sustained plasma is always ignited in resonator mode, since in
this way the charged particles are created to form part of the wave guide.

It was not possible to generate MW plasma pulses in surface wave mode that were significantly shorter than
500 Μs although the rise time of the MW generator was specified to be 9 Μs.

3.1.2.2.2 Processing homogeneity

The homogeneity of a plasma
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Figure 3.7: Radial homogeneity of the water contact angle on a polysiloxane coating after oxida-
tion in the afterglow of an O2+Ar gas mixture [40]. The data results from averaging three radial
measurements on the same substrate.

treatment is an important topic
for surface processing of large
substrates. Only for glow pro-
cessing the homogeneity of the
treatment inherits that of the
plasma. The spatial profile of
an afterglow treatment, how-
ever, is the result of the struc-
ture of the plasma glow and
the diffusion profile of the re-
active species in the afterglow.
The diffusion profile depends on the reactor geometry. If recombination at the reactor walls occurs, the density
of reactive species decreases stronger towards the walls than on the central axis of the plasma glow. It is there-
fore, for principle reasons, difficult to obtain a good processing homogeneity in the afterglow. Best results can
be obtained by one or more ring-shaped plasma glows, as Yasaka [37] demonstrated.

Processing homogeneity is not in the focus of this work. The treatment of the standard polystyrene disks of
47 mm diameter in the afterglow of the concentrically spread plasma was of good homogeneity. Investigations
on processing homogeneity of a larger substrate have been published by Ohl et al. in reference [40], see figure
3.7. Whereas Duan [110] measured the profile of atomic hydrogen in the afterglow of the MW plasma source
that was used for this work.
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3.2 Plasma Diagnostics
Plasma diagnostics is of utmost importance for a better understanding of gas phase processes and plasma surface
interactions. Methods for the determination of particle densities in the gas phase of a plasma are still subject
of intensive research. During the last decades, many different gas phase diagnostic techniques have been devel-
oped. The spectroscopic methods among them detect emission or absorption of radiation. Many plasma species
are energetically excited and emit radiation spontaneously. Induced fluorescence and absorption methods, on
the other hand, require external radiation sources. A high resolution emission or absorption spectrum generally
contains huge amounts of information on particle densities as well as on translational, vibrational, and rotational
energy distributions. However, especially in plasma emission, the functional relation between a particle density
and the spectroscopic signal is generally quite involved. This is due to the dependence of the excitation mecha-
nism on the electron energy distribution, or secondary effects like saturation, quenching, or self absorption. It
may therefore be difficult to extract information on particle densities from emission spectra. The detection of
particles in the ground state requires induced fluorescence or absorption techniques. For the detection of low
particle densities, lasers may be required to provide sufficient radiation intensity. Since laser-based spectroscopy
is still quite expensive in cost and manpower, the number of species for which absolute or relative concentra-
tions are reported in the literature is usually small. Alternative methods to spectroscopy will not be discussed
here, they include gas chromatography, mass spectroscopy, chemical titration reactions, and current collecting
probes.

The subsequent subsections discuss the applicability of existing diagnostic techniques to species that are
generated by discharges in mixtures of nitrogen and hydrogen. Section 2.2 discussed candidate species and
reaction mechanisms for amination of polymer surfaces and gives the guideline for the main emphasis of this
section. The most relevant species for polymer functionalisation applications are believed to be atomic nitrogen
and hydrogen, metastable N2, and NH and NH2 radicals. Also the density of NH3 contains valuable informa-
tion on the gas turnover of the plasma and heterogeneous catalytic effects. Methods to detect these species will
be reviewed in the section 3.2.1, where those methods employed in the present work will be described in more
detail in section 3.2.2.

Systematic plasma parameter variations in polymer functionalisation experiments produced very interesting
changes in the resulting chemical surface composition, see section 4.2. This provoked further plasma-diagnostic
investigations. However, the main emphasis of this work is not plasma diagnostics but plasma processing. So,
only few aspects of the plasma could be investigated by means of spectroscopy. For this, the UHV reactor
system was equipped with different plasma-spectroscopic techniques. They range from the far infrared (IR)
to the ultra violet (UV), and cover spontaneous emission, induced absorption, as well as induced fluorescence
techniques. More specifically, this were optical emission spectroscopy (OES), two-photon laser-induced fluores-
cence (TALIF) of atomic hydrogen, and tunable diode laser infrared absorption spectroscopy (TDLAS) of NH3
and NH. Also vacuum UV (VUV) emission spectra (VUV-ES) of discharges containing hydrogen have been
evaluated in collaboration with Babucke et al. [150].

The application of OES in an actinometric-like manner was stimulated by works of Favia et al. [1]. Since of
all species of interest actinometry appears only to be possible for N2, it was decided not to undertake the effort
of fully calibrating the OES setup in order to determine absolute concentrations. Instead, an effort was made to
implement TALIF and TDLAS at the reactor system, techniques that are far better extensible to other species.
A main spectroscopic result of this work is a demonstration of the high potential of TDLAS for absolute and
relative quantification of NH3 and the NH radical, respectively. TALIF measurements were possible thanks to
the collaboration of Duan [110] and led to absolute quantification of atomic hydrogen in discharges containing
hydrogen and nitrogen.

3.2.1 Detection methods for species relevant for this work

In section 2.2 a number of candidate species for surface functionalisation of polymers were suggested. They
include atomic nitrogen and hydrogen, metastable N2, as well as NH, and NH2 radicals. These particles
are intermediates in reactions with stable species as NH3, H2, and N2. Methods to detect these species will
be briefly reviewed. Most input to the spectroscopy of these species came from basic spectroscopic research,
atmospheric research, and combustion science. A standard reference on elementary molecular data is Herzberg
[151]. Pearse and Gaydon [152] tabulated wavelengths of various molecular transitions.
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Detection methods for NH3 Amorim et al. [76] estimated the concentration of NH3 in a N2+H2 discharge
from a Doppler broadening of the HΑ emission peak profile, measured by TALIF. The existence of two groups
of ground state H atoms was derived from an observed superposition of a narrower and a broader Doppler
profile. The narrower one was attributed to the colder H atoms produced in the discharge by H2 dissociation,
the broader one to hot H atoms originating from NH3 photolysis. The photolysis was initiated by the 205 nm
beam of the LIF laser, see also section 2.1.2. The effect of photolysis by plasma radiation was not discussed
by the authors. The maximum NH3 concentration at 270 Pa of 0.1% was obtained for a mixture of 3H2 �
N2, corresponding to the stoichiometric composition of NH3. Schuster’s emission continuum in the range of
563.5 � 567.0 nm has been observed in reference [92] under low RF power and high flow conditions. In the
present work absolute quantification of NH3 was achieved by means of TDLAS. It will be described in section
3.2.2.2.2.
Detection methods for NH2 The visible spectrum of NH2 was studied in great detail by Dressler and
Ramsey [153]. Identification of Emission from NH2�Ã2A1 � X̃2B1� was observed by Donnelly et al. [102] after
photodissociation of NH3 at 193 nm. Identification of NH2 emission from a plasmas containing nitrogen and
hydrogen is difficult due to numerous H2 and N2�B � A� emission lines between 570 and 650 nm. The high-
intensity fluorescence band of NH2 in the region around 597 nm with the most intense peak at 597.725 nm
has been used by McCurdy et al. [103] for LIF. The authors used a pulse energy of 12 mJ from a dye laser
(Rhodamine 6G) to excite the fluorescence. Deppe et al. [86], on the other hand, compared laser absorption
and frequency modulation spectroscopy for the detection of NH2. An evaluation of the oscillator strength of
NH2 was undertaken by Kohse-Höinghaus et al. [154]. More literature on NH2 absorption spectroscopy can
be found in references [155–158], whereas IR absorption spectroscopy of NH2 can be found in references [159].
More literature on NH2 emission spectroscopy can be found in references [102].

In principle, also TDLAS should be sensitive enough to detect NH2, provided the absorption length is
sufficient. Positions of absorption lines in the infrared can be found in appendix D. In this work, no detection
of NH2 was achieved. In MW-excited plasmas in NH3, the concentration of NH2 appeared to be too low for
a detection by the used TDLAS setup, see section 3.2.2.2.2. Detection by OES failed due to an insufficient
spectral resolution of the monochromator which did not allow to unambiguously identify emission of NH2

among the emission bands of H2 and N2.
Detection methods for NH The NH radical has been thoroughly investigated by means of absorption
spectroscopy in 1935 by Funke [160]. Meaburn and Gordon [91] performed absolute absorption measurements
of NH in pulsed radiolysis in ammonia. Deppe et al. [155] applied laser absorption spectroscopy for the
detection of NH. A detailed investigation of the NH�c1� � a1�� and NH�c1� � b1��� transitions by LIF
was performed by Hack and Mill [161] after photofragmentation of HN3. Patel-Misra et al. [162] used LIF
excitation in the range of from 300 to 316 nm by a frequency-doubled dye laser with a pulse energy of about
0.1 mJ. More literature on NH absorption spectroscopy can be found in references [155, 157, 163], whereas IR
absorption spectroscopy of NH can be found in references [164, 165]. Literature on NH emission spectroscopy
can be found in references [164, 166–169], whereas LIF of NH can be found in references [161, 170, 171]. A
theoretical study of NH was undertaken in reference [172].

This work observed the NH radical by means of TDLAS, as discussed in section 3.2.2.2.2. Positions of
absorption lines in the infrared can be found in appendix D.
Detection methods for atomic hydrogen Section 4.1.1 reports results of Duan [110] on TALIF of atomic
hydrogen that were obtained in the UHV reactor system.

Experiments failed to establish Wrede-Harteck’s effusion method [173] for the determination of the atomic
hydrogen density in hydrogen discharges. Eddy-current heating of a metallic recombination wire behind the
molecular sieve of the pressure probe by stray MW fields thwarted any attempt to detect a pressure drop due to
atomic hydrogen recombination inside the probe.
Detection methods for atomic nitrogen In the present work no determination of the density of atomic
nitrogen or metastable molecular nitrogen was undertaken. However, their detection could contribute consid-
erably to the understanding of processes during amino and nitrogen functionalisation of polymers. In order to
stimulate subsequent research, successful approaches to their detection will be briefly reviewed.

The most traditional absolute detection technique is titration of atomic nitrogen by NO which induces
chemiluminescence. It is still frequently used, especially for the calibration of laser-based techniques [104, 174].
Relative densities of atomic nitrogen could be obtained from the emission of the first positive system, i.e. the
transitions N2�B, v� � N2�A, v��, in the plasma afterglow. The N2�B, v� states are considered to be populated by
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the recombination reaction N � N � M � N2�B, v� � M. Alternative techniques were reported, for instance,
by Bockel et al. [106], Adams and Miller [138], von-der Gathen et al. [175] who described TALIF of atomic
nitrogen with excitation at 206.7 nm and fluorescence at 743 nm. The required laser energy was about 0.5 mJ.
Butel et al. [176] developed a way to derive the ground state density of atomic nitrogen from emission intensities
of resonant lines in the VUV. The authors evaluated the transition N2�B, 11� � N2�A, 7� at 580.4 nm. By
titration with NO absolute densities were obtained. Diamy et al. [109] combined data from the afterglow of a
microwave discharge with a kinetic study of the formation and decay of excited and charged nitrogen species to
estimate additional particle densities. However, the studied pressure range was with 1200 � 3200 Pa about one
to two orders of magnitude larger than in the present work. The measured concentration of atomic nitrogen
was in the order of 1021 m�3, which corresponds to about 1% degree of dissociation. Blant et al. [177] found
a linear correlation between the emission intensity of atomic nitrogen at 745 nm and 869 nm and RF power
(200–600 W) in an N2 discharge. Moreover, the authors quantified the density of the metastable atomic states
N�2D� and N�2P� of nitrogen by means of VUV absorption spectroscopy.
Detection methods for metastable molecular nitrogen The metastable nitrogen state N2�A3��u � has
a lifetime of about a second, see table 3.1. It has been detected vibration-state-selectively by means of LIF
by Golde et al. [178], where N2�A, v � 0 � 3� and N2�A, v � 3 � 6� fluorescence was excited by dye-laser
radiation of 613� 607 nm and 601� 584 nm, respectively. These wavelength regions are accessible by the dyes
Sulfa-rhodamine B and Rhodamine 6G, respectively. N2�A3��u � was also quantified by Krames [179] in a RF
discharge. He likewise measured other triplet states of nitrogen. N2�B3�g� has a lifetime of several microseconds
and is detectable in OES. Alternatively, the rotational and vibrational population densities can be measured by
Coherent Anti-Stokes Raman Spectroscopy (CARS), [81, 180].

Species Energy radiative Lifetime Remark Ref.

N2�A3��u � 6.17 eV 0.9 s metastable [181]
N2�B3�g� 7.35 eV �9.1 � 0.5� Μs long living [181]
N2�C3�u� 11.1 eV 37 Μs [182]
N2�a1�g� 8.55 eV 1.5�10�4 s long living [181]
N�2D� 2.38 eV 9.4�104 s metastable [183]
N�2P� 3.58 eV 12 s metastable [183]
NH�a1�� 1.57 eV 1.7 s metastable
NH�b1��� 2.63 eV 53 ms [184]
NH�c1���v� � 0� 5.38 eV �460 � 20�ms [184]
NH�c1���v� � 1� 5.38 eV �67 � 7�ns [184]
NH�A3���v � 0� 3.69 eV �4.53� 10�ns [184]

Table 3.1: Radiative lifetimes of selected molecules and radicals.

3.2.2 Plasma-spectroscopic techniques used in this work

In the scope of this work the following gas-phase diagnostic methods available have been installed at the reactors
of the UHV system: OES, TDLAS, FTIR, and TALIF. Of the species discussed in the previous section only for
NH3 and atomic hydrogen absolute densities could be determined by TDLAS and TALIF, respectively. The
feasibility of relative NH radical density measurements was shown for TDLAS, while OES served only the
determination of qualitative density trends.

3.2.2.1 Optical emission spectroscopy

The use of optical emission spectroscopy (OES) in this work was motivated by works of d’Agostino et al. [92]
who investigated the kinetics of NH3 decomposition in RF discharges by OES and gas chromatography. Favia
et al. [1] observed correlations between the results of polymer surface functionalisation and emission intensities
of N2, NH, and H in the plasma glow. Other literature on plasma emission spectroscopy can be found in
references [185, 186].

Although the basic assumptions of actinometry are not satisfied for atomic hydrogen and the NH radical,
they appear to hold for the N2�C � B� transition in RF discharges in NH3, as works of d’Agostino et al.
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[1, 92, 187] showed. However in the present work, optical emission data was still being recorded in an
actinometric-like manner since the same authors demonstrated the usefulness of relative emission intensities for
qualitatively relating the outcome of a plasma process to the plasma emission. Addition of a small amount of
argon as actinomere gas served calibration purposes. It allowed to compare measurements of different recording
sensitivities. If actinometry is not possible the value of OES information for determining particle densities is
low. Only if a proportionality of emission intensity and the corresponding ground state density is heuristically
assumed, trends in the emission intensity versa a process parameter variation may be studied with respect to
their information content on underlying physical mechanisms.

Optical emission spectra have been recorded in a range from 320 � 755 nm. Sample spectra are given inSpectral data

figures 4.10 and 4.9. More than 100 emission lines and band heads were identified by comparing pure nitrogen,
hydrogen and ammonia discharges. Their positions can be found in appendix E. For four identified lines the
intensity dependence on various plasma parameters was studied in more detail, see chapter 4. They are listed in
table 3.2.

Band Band Head
Species Transition v��–v� Wavelength Ref.

Ar — 750.39 nm [188]
HΑ n � 3 � n � 2 — 656.29 nm [152]
N2 N2�C3�u� � N2�B3�g� 0–0 337.13 nm [189]
NH A3� � X3�� 0–0 336.00 nm [166]

Table 3.2: Optical transitions used for this work.

The spatial resolution of emission is restricted by the solid angle of the light-collecting detector. To recoverSpatial resolution

the spatial structure of the emitting plasma requires an involved tomographic procedure [190]. In this work,
no spatial resolution was aspired for OES. The full light of the plasma glow was focused on the entrance slit
of the spectrometer, for technical details see appendix A. The achieved spectral resolution for standardly-used
grating of 1200 lines/mm was about 0.1 nm.

Main spectroscopic features of discharges in gas mixtures containing hydrogen and nitrogen wereSpectroscopic
features

� The NH�A3� � X3��� band with its band head at 336 nm

� Also emission from NH�c1� � a1�� was observed

� The first and second positive and the first negative system of N2

� Atomic hydrogen lines HΑ,Β,Γ,∆ were observed

� Numerous lines from molecular hydrogen bands were observed

� NH2 emission could not be unambiguously identified due to overlap with molecular H2

� N� could not be observed

The emission spectra changed with the time of measurement after plasma ignition on time scales that correspond
to the decomposition of the processing gas, see section 4.1.2.

3.2.2.1.1 Actinometry

Actinometry is an approach to estimating the ground state density of selected plasma species. Actinometry
requires a set of assumptions to be satisfied for the species of interest and the plasma under investigation
[92, 191]. Although in this paper no absolute but only relative densities will be determined, a brief introduction
to actinometry will be given here to elucidate the problems connected with its practical application.

Consider two optically emitting electronic states. If both states are mainly excited by electron impact, and
if the excitation cross section of the two states have similar threshold values and shape, comparable fractions of
the EEDF are accessible for electronically exciting the two states. Two population rates of the excited states result
that depend on the ground state densities and the shape of the EEDF. If one of the electronic states belongs to
an actinomere of which ground state density does not change significantly during the observation time(3), the
ground state density of the other species can be estimated from the intensity ratio of the emission, provided the
shape of the EEDF remains constant.

(3)In case of noble gases (actinomers) no dissociation and little molecule formation occurs.
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For the majority of emitting species in discharges containing nitrogen and hydrogen these assumptions are
not satisfied. Especially electronically excited H� and NH� result not alone from electron impact dissociation
but also from NH3 and NH2 dissociation [130]. Therefore, an actinometric evaluation of OES data of was not
undertaken here.

3.2.2.2 Absorption spectroscopy

Absorption spectroscopy exhibits an important advantage over emission spectroscopy. It allows to directly
determine the density of species in ground or excited states. This requires to measure only two relative intensities
to derive an absolute particle concentration. The necessity of a complete instrument calibration can be avoided.
The theory behind absorption spectroscopy is quite lean. If radiation traverses a homogeneously absorbing
medium, the radiation is exponentially damped with path length

I�Ν, �� � I�Ν, 0� exp
�
� Κ�Ν� n �

�
,

where � and n, are the absorption length and species density, while Κ and I denote the absorption coefficient
and the radiation intensity at frequency Ν. I�Ν, 0� is the incident intensity. The absorption coefficient Κ can be
parametrised by the line strength S and a line shape function f

Κ�Ν� � S f�Ν � Νc� ,

where Νc is the centre frequency of the peak. Values of the line strength S can be found in reference [192],
tabulated in cm. For stable species, the absorption line strength S can be determined by direct calibration
measurements in a gas of known partial pressure of the species. Transient species, on the other hand, require
auxiliary calibration methods, for instance a chemical titration. The spectral line shape of a transition is com-
posed of the natural line broadening, Doppler broadening, and pressure broadening. At temperatures greater or
equal room temperature and pressures below 1000 Pa Doppler broadening dominates the line shape
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where T is the temperature and M the molecular weight of the species. �ΝD is the half width at half maximum
of the Gaussian Doppler broadening in cm�1. With these assumptions, the species concentration n follows as

n �
�

Π
ln 2

ln
	 I�Ν, 0�

I�Ν, ��


 �ΝD

S �
. (3.1)

In this work absorption of infrared radiation was studied in Fourier transform and tunable diode laser spec-
troscopy.

3.2.2.2.1 Fourier transform absorption spectroscopy

The UHV reactor system was equipped with a Fourier Transform InfraRed (FTIR) absorption spectrometer
(Bruker, IFS 66v/S). The near-infrared beam was adjusted into an external detector unit, traversing the UHV
reactor by means of two potassium bromide (KBr) viewports of 40 mm diameter. The total absorption length
was 54 cm. The setup was not sensitive enough to detect the residual NH3 concentration in a cw MW discharge
in NH3, which lies in the order of �1020 m�3. Therefore, TDLAS was installed as an alternative IR absorption
technique.

3.2.2.2.2 Tunable diode laser IR absorption spectroscopy

TDLAS employs tunable diode lasers to scan the absorption spectrum of a (plasma) gas phase. An introduction
to the method can be found in reference [193–195]. The wavelength of the radiation emitted by diode lasers
equipped with low-grade resonators is generally current- and temperature dependent. This offers the possibility
of tuning the emitted wavelength. A drawback of the low resonator grade is that multi-mode emission is
possible. To limit the operation bandwidth additional monochromators may be required. A problem of tunable
diode lasers are sudden mode jumps that may occur at specific current thresholds. They limit the wavelength
tuning range. In this work lead-salt diodes were used that emit radiation in the mid infrared range, generally
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with high spectral resolution of about 10�4 cm�1. Absorption in this spectral region occurs by molecules due
to transitions between different vibrational states of the molecule. These transitions can only be excited if the
molecule exhibits an electric dipole moment.

TDLAS generally achieves higher sensitivities than FTIR due to a light source of higher intensity in a smallSensitivity

bandwidth. With a sufficient line strength, a sensitivity of about 1016 molecules m�3 can be reached for many
molecules. In the present work, NH3 concentrations of 1019 m�3 were detected with a rather short absorption
length of 108 cm and in direct detection mode. The sensitivity of absorption spectroscopy is determined by the
intensity of the laser, the absorption strength of the species, and last, not least, the length of the absorption
path. According to equation (3.1), the sensitivity increases linearly with the absorption length �. Fluctuations
of the laser intensity, detector noise, and temporal instabilities of the plasma deteriorate the signal-to-noise
ratio. The spatial resolution of absorption spectroscopy is restricted by the integral character of the absorption
along the radiation path through the medium.
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Figure 3.8: Mid infrared absorption spectrum of NH3 folded with the emission spectrum of a lead-salt laser
diode. The absorption lines are labelled according to the convention used in [196]. The line strengths were
taken from the HITRAN database [192] and are given in cm.

Since the detector for the IR beam was capacitively coupled, chopping of the laser beam was required. TheDirect
detection mode

amplitude of the signal, which was determined by a lock-in amplifier locked to the chopping frequency, cor-
responded to the relative beam intensity after passing the absorbing medium. This detection mode is called
direct. Calibration measurements for the direct mode showed that the height of the sQ(9,3) absorption peak of
NH3 correlated nicely to the particle density in a pressure range of 0.15 � 12 Pa. Lower or higher densities can
be accessed by analysing stronger or weaker neighbouring lines, for instance sQ(9,2) or sQ(8,6), see figure 3.9.

In the derivative detection mode, the chopping of the laser beam is replaced by a modulation of the laserDerivative
detection mode

intensity, for instance, by superpositioning a small sinusoidal modulation to the driving diode current, and
demodulating the derivative of the detected signal by a lock-in amplifier again. For small signals and narrow
absorption lines, the derivative of the signal is more sensitive than the signal itself. If high modulation frequen-
cies are used, the signal-to-noise ratio improves due to an averaging of statistically fluctuating noise. A factor
of 10 can be gained easily in detection sensitivity compared to the direct mode.
Successful detection of NH3 NH3 shows a strong absorbance in the mid infrared. Its spectrum in the
range of 963 � 965 cm�1 is shown in figure 3.8. For NH3 detection, a retro reflector doubled the absorption
path of the IR beam from 54 cm to 108 cm by reflecting it back to traverse the reactor a second time. The beam
entered and left the reactor by a potassium bromide (KBr) windows of 40 mm diameter which was mounted in
a special cluster flange. The absorbance of the plasma was determined in the direct measurement mode. The
concentration of NH3 in the gas phase was derived according to eq. (3.1) using the line strengths given in the
HITRAN [192] data base.
Successful detection of the NH radical In this work, the NH radical was successfully detected in a cw
MW discharge in NH3 at �11 � 1�Pa pressure, see figure 3.10. The observed transient lines were identified by
calibrating the wavenumber of the NH3 reference spectrum to fringes of a solid germanium etalon [193] and
comparing the absolute line positions to the ones given in appendix D. Since NH is transient, a determination of
its absorption line strength, S, is difficult. No values of S were reported for NH in the literature. The detection
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Figure 3.9: Examples of pressure determination by TDLAS in pure NH3 versa the MKS BaratronTM measurement. The
stronger absorption lines showed saturation effects. The absorption lines were used in different pressure ranges according to
their absorption strength.

of NH required a drastically increased sensitivity. The derivative detection mode with a modulation frequency
of 10 kHz was used and the absorption path increased. The latter was achieved by a Heriott multipass cell
[197], see figure 3.11. The cell was designed and constructed in the frame of this work. It folded the beam line
19 times to provide an absorption length of 20 � 39.2 cm � 780 cm. The gold-plated mirrors of 400 cm focal
length, one with an off-axis bore, were manufactured by Kugler GmbH, Salem, Germany. To keep the design
simple and UHV-compatible, the mirrors were not water-cooled. This had the fatal consequence that during an
extended sequence of experiments the gold plating of the mirrors melted due to recombination heat deposited
by atomic hydrogen. The parametric study of the relative NH density in the discharge could not be completed
and an improvement the knowledge of the composition of the gas phase by relative quantification of the NH
radical had to be left to future experiments.
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Figure 3.10: Identification of infrared absorption lines of the NH radical in a NH3 discharge by means of TDLAS. The data shows the
second derivative of the signal together with line positions of NH from appendix D and line positions and absorption strengths of NH3 from
[192]. The wavenumber calibration is imperfect since it was not performed simultaneously to the data acquisition. For better comparability
of the spectra, in the plasma-off case the NH3 pressure was reduced to the partial pressure in the plasma-on case.
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Figure 3.11: Schematic view of the TDLAS IR beam threaded
through the Heriott cell for NH detection.
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Unsuccessful detection of the NH2 radical The NH2 radical could not be observed in cw MW discharges
in NH3. However, the emission range of the available diodes was limited and only covered few of the absorption
line positions reported in appendix D. Considering the decomposition efficiency of a cw MW discharge, low-
power RF excitation appears more promising for the detection of NH2 in a NH3 discharge.

3.2.2.3 Induced fluorescence

Laser-induced fluorescence (LIF) and Two-Photon Absorption Laser-Induced Fluorescence (TALIF) have two
important advantages over the diagnostic methods described so far. Firstly, they may have a considerable higher
sensitivity than absorption techniques. This is related to a better signal-to-noise ratio, provided the radiation of
the detected induced fluorescence is background free, i.e. not generated by prompt plasma radiation. Secondly,
a high spatial resolution can be obtained by crossing the (focused) pump laser and the line-of-sight of the
fluorescence detector. However, the determination of absolute concentrations may be affected by quenching of
excited species by de-activating collisions. It requires special consideration [198].

In section 4.1.1 results of TALIF measurements of atomic hydrogen are referenced that were obtained in
collaboration with X. Duan. Please refer to Duan [110] for further details on laser-induced fluorescence and a
description of the experimental setup.

3.3 Polymer Sample Preparation
The suppliers and the chemical structure of the polymer samples studied in this work were given in table 1.4.
Polystyrene samples were cut from the bottom of standard tissue culture dishes using a lathe. The resulting
disks of 47 mm diameter were cleaned by blowing off with compressed nitrogen. Further chemical or physical
cleaning was not necessary due to the high surface quality of the supplied tissue culture material. Up to 6 of
these PS disks fitted on a specimen carrier and could be processed together. The other polymers used in section
4.3 were cut to squares of about 30 � 30 mm2 and, likewise, received no further cleaning.

Sample processing timings

The polymer samples of this work were introduced to the UHV reactor in batches of 6 � 10 specimen carriers
holding 2 � 6 polymer disks each. The majority of samples was degassed in UHV for at least 24 hours prior to
plasma processing. The in situ XPS analysis of a modification step was generally performed within 1 � 2 hours
after the plasma treatment. The sample was then stored in the magazine until all of the batch were processed,
which took 2 � 3 days generally. The magazine was then vented and one polymer disk of each experiment
transferred to the chemical derivatisation by TFBA, which was performed 1 � 3 hours after the samples left the
vacuum. In parallel, water contact angles were performed. 1 � 3 hours later the derivated samples were loaded
back into the reactor on a common specimen carrier. Degassing to a XPS-compatible level took at least 24 hours.
The ex situ (after TFBA derivatisation) XPS analysis was performed 2 � 4 days later. For selected experimental
series also ex situ XPS analysis of underivated samples and/or cell culture experiments were performed.

XPS sample preparation

During the preparation of samples for XPS analysis, see section 3.4.1, special care is necessary, if effects of post-
plasma oxidation are studied. Mechano-oxidative effects [199] may give rise to another reason for oxidation,
namely oxidation of dangling bonds resulting from polymer chain scission under mechanical stress. Therefore,
bending, cutting, punching, or breaking of polymeric XPS samples should be avoided.



3.4 SURFACE DIAGNOSTICS 43

3.4 Surface Diagnostics
To study chemical effects of plasma surface interactions requires methods to quantify changes in surface compo-
sition. The principle problem of surface diagnostics is to determine information on a thin (0.1 � 1 nm) surface
layer, i.e. densities of atoms or chemical structures in the order of no 0.1�1 nm�2, in front of a background from
the bulk material whose density is at least 104 times higher. The depth-dependence of the method’s sensitivity
determines how the resulting surface density of a detected species is defined. Generally, it is a quantity that is
averaged over depth. If the depth profile varies significantly within the depth accessible by the analysis method,
a surface density often cannot be reliably defined. To do so would require a depth-resolved measurement.

The surface analysis technique that was mainly applied throughout this work was X-ray Photoelectron
Spectroscopy (XPS). It will be discussed in the following section. Other existing surface diagnostic methods are
Auger electron spectroscopy (AES) [200], secondary ion mass spectroscopy (SIMS) [201], infrared absorption
spectroscopy techniques (GI/ATR FTIR), fluorescence spectroscopy, and contact angle measurement. Of these,
only water contact angle measurements were available to complement XPS analysis. Many different surface
functional groups are able to increase the wettability of a surface. So, the information content of the water
contact angle is low for studies aiming at distinguishing different surface functional groups. Therefore, although
the contact angles of the plasma-modified surfaces were monitored in this work, results will not be reported.

3.4.1 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy for Chemical Analysis (ESCA),
is the key surface diagnostics technique in this work. Discussion of its main features and drawbacks will
therefore be devoted the main part of this chapter. XPS allows to determine the density of atoms within
the first few nanometres of a surface. It has been successfully employed to polymer surfaces by many authors
[61, 63, 112, 117, 120, 121, 123, 143, 202]. XPS employs the photoelectric effect, to release core-level
electrons by high energetic x-ray photons. A comprehensive description can be found in [200]. Beamson and
Briggs [202] published a database of reference spectra for various polymers. The basic principle can be briefly
described as follows. The electrons carry away the photon’s energy minus the binding energy. The binding
energy, especially of inner orbitals, is atom-specific. The information on the atomic composition of the surface
is therefore contained in the energy spectrum of emitted electrons. For a sufficient energy resolution, not only
the type of atom but also its chemical environment can be deduced from the photoelectron spectrum. Chemical
bonds of an analysed atom with chemical elements of groups of differing electronegativity distort the atoms
electron distribution. This changes the effective charge of the core, as seen by the electrons, and, consequently,
the (photo-)electrons binding energy.

The signal of a XPS measurement is the number of counts (or the count rate) in the area below a peak or aXPS signal

groups of peaks in the electron energy spectrum corrected for the atom-specific cross section for the photoelectric
effect. For this work XPS spectra were generally recorded for 1s electrons from C, O, N, F, and 2p Si. The
signal from one type of atom was normalised to that of the dominant atom in the surface. For hydrocarbons and
most polymers, this is carbon. The N/C ratio, for instance, gives the fraction of carbon atoms in the surface
bond to a nitrogen atom. Normalisation of the signal to carbon avoids mixing of the densities of nitrogen- and
oxygen-containing functionalities, which occurs if the signal is normalised to the atom density ( at.%).

The XPS device used for this work is part of the UHV reactor system. Samples are being transferred throughXPS equipment
and performance

ultra high vacuum between the plasma reactors the and XPS chamber. An XPS analysis will be called ‘quasi in
situ’ if the sample had no contact to the atmosphere after the plasma treatment, all others are called ‘ex situ’.

The XPS spectra have been recorded using a multichannel electron analyser (EA125 U5, Omicron, Tau-
nusstein, Germany) and non-monochromatic Mg kΑ line at 1253.6 eV with 200 W x-ray power. To reduce
sample damage the data acquisition time was kept below 30 min for polymers. The 5-channel electron analyser
is mounted at an angle of Ψ � 8.5� relative to the surface normal. Standardly, XPS analysis was conducted at a
take-off angle Θ � Ψ relative to the surface normal. Due to the large experimental effort necessary, only for few
samples angle-resolved data was taken. See section 3.4.1.4 for a study of the method and section 4.4.4 for the
presentation of results. Data acquisition parameters for photoelectron spectra were 50 eV pass energy, 5-fold
averaging, and 50 ms dwell time. The energy resolution of the XPS device on polymers was measured to be
�2.3 � 0.2� eV. The energy resolution of XPS analysis is limited by differential charging of an not-conductive
surface during the measurement. It can be improved, if charge compensation is performed, e.g. by an electron
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flood gun. Utilisation of monochromised x-rays may improve resolution by about 0.3 eV. With contemporary
equipment, the energy resolution on polymers is still limited to about 1.2 eV, according to Beamson and Briggs
[202]. The higher the resolution, the better different bonds types can be distinguished by their electron energy
shifts, see table B.1 and B.2. Fitting a sum of energy-shifted Gaussian peaks to a high-resolution electron energy
spectrum allows to estimate the density of the resolved bond types. In this work, no Lorentzian contribution
was required for the fit. The quality of the fit critically depends on the spacing of the fitted peaks. Clearly, it
does not make sense to fit peaks that lie closer than 1Σ of the energy resolution.

3.4.1.1 Photoelectron energy spectra

There is often a lack of specificity in core-level binding energies for the distinction of functional groups. Many
functional groups give rise to similar energy shifts in the photoelectron spectrum and cannot be distinguished.
So-called derivatisation techniques have been developed to overcome this deficit. Quantification of selected
functional groups can be achieved by a chemical derivatisation reaction, see section 3.4.1.3. Generally, the 1s
electron spectra of the species of interest in this work have the following characteristics.

The carbon 1s peak is shifted considerably by many functional groups, compare table B.2. Unfortunately,Carbon
1s spectrum

the shift of the C 1s peak resulting from primary amino groups cannot be distinguished from that of other
nitrogen-containing groups. Oxygen-containing groups may cause strong side peaks of the main C 1s peak.

In addition, in aromatic systems like phenyl rings Π � Π� energy transitions cause a shake up peak next to theΠ � Π� shake-up

C 1s spectrum. The transitions occur between the two highest filled and the lowest unfilled orbitals. Since the
Π � Π� peak partially overlaps with the C 1s signal, fitting of peak system is required to gain information about
the density of phenyl rings. This will be discussed in subsection 3.4.1.2 in more detail. On virgin polystyrene
the Π � Π� surface density relative to carbon was determined to amount to �Π � Π��/C � �4.8�0.7�%. The error of
�Π � Π��/C from XPS measurements was estimated to be ���Π � Π��/C� � max �0.5%, 15% � �Π � Π��/C�. The signal
from Π � Π� energy transitions vanishes if the symmetry of the aromatic ring is broken. This most obviously
happens if the ring breaks, which requires an energy of about 5.4 eV. Alternatively, hydration of the ring

R �H
. � R � , R � �H

. � R etc.

should already be sufficient to destroy the dislocation of Π-electrons. Some authors, e.g. [49], consider breaking
of the aromatic ring necessary for the Π � Π� signal to disappear. XPS cannot distinguish the different reasons
for a vanishing of the Π � Π� signal. For this work the Π � Π� shake-up peak was determined in in situ XPS
measurements. For samples derivated by TFBA, see section 3.4.1.3, the C�F3 peak at 292.7 eV lies too close to
the Π � Π� peak to allow a reliable quantification of the peaks.

No side peaks have been observed for the other elements oxygen, nitrogen, and fluorine.O, N, and F
1s spectrum

3.4.1.2 XPS peak evaluation

There are two levels of XPS data analysis. For peaks of a XPS spectrum either the total peak area, or the area of
individual sub-peak compounds may be determined. XPS spectra were acquired around the centre of the peak
of interest, see e.g. figure 3.12.

3.4.1.2.1 Total peak area

The total peak area of a photoelectron spectrum was determined after having smoothed the peak by a Fourier
filter which maintained the total count rate. This primarily served the purpose of smoothing the peak tails in
order to visually adapt a straight baseline. The integration limits were then chosen to contain at least 3Σ of the
peak. The integration was done on the raw data minus the straight baseline, without having fitted a model to
the peak groups. For the ratios of total peak areas, a relative error has been assumed of 10%, with at least 0.3%

absolute error, ��M/C� � max �0.3%, 10% �M/C�, M  !O, N, F, NH2". The minimum error of 0.3% is caused by
baseline fluctuations in the XPS spectrum caused by differential charging effects. The relative error of about
10% was derived from many repetitive XPS measurements on plasma-functionalised polystyrene.
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Peak Centre Energy or Range Carbon Bonds

C1 fixed at 285.0 eV 4 bonds to C or H
C2 285.5 � 289.5 eV 1-3 bonds to N or O
C3 291.0 � 292.0 eV phenyl ring (Π � Π�). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
C4 292.5 � 293.0 eV 3 bonds to F

Table 3.3: XPS C 1s peak fit model.

Figure 3.12: Comparison of carbon 1s XPS spectra taken quasi in
situ and ex situ. The fit yielded 2.1% for the in situ (C-O) C 1s sub
peak (relative to the total C 1s peak) and 5.3% ex situ (after TFBA
derivatisation). The latter is not in full agreement to the total area
of O 1s peak, which was 1.8% in situ and 12.0% ex situ (after TFBA
derivatisation).

3.4.1.2.2 Individual peak fitting

The low resolution of the XPS of �2.3�0.2� eV allowed to fit only three sub-peaks to the in situ C 1s peak. Figure
3.12 shows a sample result for an analysis of in and ex situ (TFBA) data. The quality of the fit critically depends
on the background. For example, in figure 3.12 the oxygen content derived from the fit of the carbon-oxygen
sub peak of the C 1s spectrum does not correspond well to the oxygen content according to the O 1s spectrum
in case of ex situ (after TFBA derivatisation) data.

For the data presented here no physical background model, like e.g. that of Tougaard [203], was assumed,
since the baseline changed spontaneously from a convex to a concave form between successive measurements.
Differential charging of polymer surface is held responsible for this effect. The baseline was fitted by a polyno-
mial of second order.

The in situ C 1s spectrum was fitted with three Gaussian peaks, centred around the positions given in table
3.3. The 1st and the 2nd peak were fitted with identical width, while that of the 3rd peak was free. Since the
C�F3 peak overlaps with the Π � Π� shake-up, see the lower figure of 3.12. No peak fitting was done for ex situ
measurements of derivated samples.

3.4.1.3 Derivatisation techniques

Functional groups that do not lead to significant shifts in the binding energy of electrons may be identified by
auxiliary methods. Molecular markers which contain characteristic atoms, traceable by XPS, have been devel-
oped by different research groups in order to label functional groups in a chemical derivatisation reaction. Pro-
vided the conversion reaction is efficient and selective, this approach can be used for at least semi quantitative es-
timations [204]. Gas phase derivatisation processes proved to be advantageous. Nakayama et al. [114] described
a set of gas phase derivatisation reactions to label primary amine, carboxyl, and hydroxyl groups by fluorine.
Successful derivatisation of primary amino groups by a gas phase reaction with 4-trifluormethylbenzaldehyde
(TFBA) has been demonstrated in references [1, 205]. This technique was used in the present work. Three
fluorine atoms mark one primary amino group via the following reaction

R N H
H � C

O
H

C
F

F
F

� CNR
H

C
F

F
F

�H2O .

The gas phase derivatisation was performed at 40�C for 2 hours avoiding direct contact of reagent and polymer.
Prior to the present work, no major deficit of this specific method has been reported. Reference [1] successfully
detected the theoretically expected surface densities of N/C and NH2/N of �31�4�% and �103�3�%, respectively,
on polyallylamine (PAAM). Thus demonstrating that TFBA can reach a labelling efficiency of 100%. This
experiment will be re-examined in section 3.4.2.3.
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3.4.1.4 Angle-resolved XPS measurement

XPS has a finite analysis depth. Any so-called surface density of a chemical element derived from a standard
XPS measurement results from an averaging over the full analysis depth of XPS. It is of fundamental interest
to know the depth profile of the chemical surface composition. Not only to better understand the effects of
plasma surface functionalisation but also to estimate the availability of functional groups for surface reactions at
the interface. Angle-resolved XPS measurement is a method which allows to obtain information on the depth
profile. It has been applied by several research groups to plasma-treated polymer surfaces, e.g. [114, 117]. As
the following section will show, the full accessibility of this information relies on an involved mathematical
deconvolution algorithm which will be discussed in detail.

The depth of XPS analysis is limited by the loss of photo-

Θ
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exp �� x
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∆

x-rays

Figure 3.13: Schematic illustration of the photoelectric
effect as used by angle-resolved XPS.

electrons due to inelastic scattering(4). The scattering mainly
occurs to electrons causing ionisation. The resulting stopping
power of the surface, depends, according to the Bethe-Bloch for-
mula, see e.g. [206, Chap. 11.1], on the charge number and the
ionisation potential of the atoms as well as the energy of the
photoelectrons. Any depth dependence of the first two quan-
tities due to concentration changes can generally be neglected
for the light elements of organic compounds. The effect of dif-
ferences of the photoelectron’s energy is larger. The inelastic
mean free path Λ therefore becomes element-specific, compare ta-
ble 3.4. In polymers Λ is about 3 nm. Since the probability of an
electron to leave the surface decays exponentially, surface layers
deeper than 3Λ contribute less than 5% to the overall signal. So,
3Λ is the approximate sampling depth of XPS.

Angle-resolved XPS measurements take advantage of the limited analysis depth of XPS.
They allow to obtain information on the depth profile of surface ele- Λ 1s e� Energy

Element inelastic for Mg kΑ
C 3.2 nm 968 eV
N 3.0 nm 853 eV
O 2.8 nm 721 eV
F 2.4 nm 565 eV

Table 3.4: Photoelectron inelastic mean free
path Λ in an organic material (PU) [207]. Λ
decreases with electron energy.

ments. By variation of the angle Θ between surface normal and detec-
tor, the distance x that an electron, which was released at a depth ∆, has
to travel inside the material before it leaves the surface is enlarged by a
factor 1/cos Θ to x � ∆/cos Θ. This allows to enhance the signal from elec-
trons that are released close to the surface since the detector can only
collect electrons that are emitted into its acceptance angle. The chance
of an electron to leave the surface decays exponentially along its path
through the material. The measured XPS signal Fj�Θ� from a concen-
tration nj�∆� of a given element j at depth ∆ irradiated by x-rays results from an integration over the detector’s
line-of-sight, parametrised by x. Substitution transforms it to an integral over depth ∆

Fj�Θ� �
A$

sin�%�
Σj� � �

�� &j

'�
0

nj�x cos Θ� e�
x
Æ
Λj dx x�∆/cos Θ

�
&j

cos Θ

'�
0

nj�∆� e�
∆
Æ
�Λj cos Θ� d∆ . (3.2)

Here, Σj denotes the photoelectron cross section, $ is the transmission function of the detector, % is the angle
between x-ray and surface, while A accounts for detector efficiency, irradiated sample area and x-ray flux(5).

3.4.1.5 Regularisation of angle-resolved XPS data

To reconstruct the concentration profile nj�∆�, which has – most(6) likely – generated the observed angle-resolved
XPS data, is an inverse problem. Equation (3.2) has the form of a Fredholm integral equation of the first kind. It
is one of a class of ill-posed problems: If one attempts to solve for nj�∆� by minimising the sum of the squared
errors between the predicted signal F̃ij �� F̃j�Θi�, calculated from a density profile candidate ñj�∆�, and the measured
signal Fij �� Fj�Θi�

(4)The influence of elastic scattering can be neglected here.
(5)The area from which the detector collects electrons increases by cos�Θ� while the x-ray flux, i.e. intensity per (increasing) irradiated area,

decreases proportional to 1/ cos�Θ�.
(6)The theory of least-squares-fitting will take care of this, see below.
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M�
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���� &j
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ñj�∆� e�
∆
Æ
�Λj cos Θi� d∆
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�� F̃ij

�Fij

����2 !
� min (3.3)

already small variations in the observations, Fij, cause wild fluctuations in the solution ñj�∆�. The solution can
be regularised by introducing an additional smoothing parameter Α for ñj�∆� which transforms equation (3.2) to
a Fredholm problem of the second kind

N�
i�1

M�
j�1

���� &j

cos Θi

'�
0

ñj�∆,Α� e�
∆
Æ
�Λj cos Θi� d∆ � Fij

����2 � Α �

M�
j�1

��� ñj�∆,Α�
���2 !
� min . (3.4)

It has a stable unique minimum for Α different from zero. The major problem of this approach remains to find
a value Α that is large enough to stabilise the solution ñj�∆,Α� yet small enough not to smooth out real features of the
solution. The parameter Α can be used to impose an inequality constraint on the solution ñj�∆,Α�.

This has been studied by Tyler et al. [207] for a non-negativity constraint. A negative concentration of aRegularisation
approach

of Tyler et al. chemical element is meaningless, so this constraint should improve the quality of the density profile candi-
date ñj�∆,Α�. The authors solved eq.3.4 by developing the density profile in N terms of a functional basis of
exponentials decaying with the corrected mean path length Λj cos Θi at the angles Θi

ñj�∆,Α� �
N�

i�1

cij e�
∆
Æ
�Λj cos Θi� with cij such that ñj�∆,Α� > 0 . (3.5)

Due to the smooth character of the exponential function, many terms are required for this sum to be able to
reconstruct steep profiles. Unfortunately, the authors of reference [207] observed convergence problems for N
exceeding 8 data points. The problems may arise from the implementation of the non-negativity constraint,
which is numerically difficult. It requires to restrict the integration domain for the calculation of F̃ij�Α� from
ñj�∆,Α� to intervals of ∆ where ñj�∆,Α� is positive. No convergence problems were observed for the discrete
method developed in the following.

For this work an alternative method was developed to solve equation (3.4). It avoids to assume a specificRegularisation
developed

in this work form for the density ñj�∆� by discretising the problem. If one considers that N � M data points Fij, taken at N
different angles Θi for M different chemical elements, do not allow to determine the solution ñj�∆� for more than
N � M sample points, i.e. densities ñjk (k  !1,(, N"), the problem appears in a new light. The densities can
be chosen to be constant on N selected depth-intervals �∆j,k�1, ∆jk�. This corresponds to a surface composed of N
discrete layers k for each element j ranging from depth ∆j,k�1 to ∆j,k with a constant density ñjk. With these
constant densities, the integral in equation (3.4) reduces to a sum

N�
i�1

M�
j�1

N�
k�1

���� &j

cos Θi
ñjk�Α�

∆j,k�
∆j,k�1

e�
∆
Æ
�Λj cos Θi� d∆

� � �
�� wijk

� Fij

����2 � Α �

M�
j�1

N�
k�1

��� ñjk�Α�
���2 !
� min . (3.6)

This equation can be directly solved for ñjk�Α� by differentiation of the left side with respect to ñjk and setting the
result equal to zero, since it, of course, inherited the unique stable minimum of equation (3.4). The densities ñjk

still depend on Α and, as mentioned above, a sensible value for the smoothing parameter Α has to be found. To do
so, the weighted sum-of-squared differences between the measured and the predicted signal, a Χ2-like-function,
is minimised

Χ2�Α� ��

N�
i�1

M�
j�1

���� Ξi

F̂ij � Fij�Α�

�Fij

����2 !
� min , (3.7)
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with F̂ij�Α� ��
&j

cos Θi

N�
k�1

� ∆j,k�
∆j,k�1

e�
∆
Æ
�Λj cos Θi� d∆

�
ñjk�Α�

����
ñjk�Α� satisfies the imposed constraint.

Ξi ��
1
�Θi

Æ�N
k�1

1
�Θk

is an additional factor which weighs the terms of Χ2 according to the error of Θi. The function
Χ2 can be numerically minimised with respect to Α, for instance by Newton’s method. For each numeric value
of Α the solution ñjk�Α� obtained from 3.6 is calculated and then simply adjusted, e.g. negative values are set
to zero, to satisfy the imposed inequality constraint. This could, for instance, be the non-negativity constraint
0 + ñjk�Α� or any other additional constraint like, for instance, an upper limit 0 +

ñj,k�Α�
ñC,k�Α�

+ 100% for all data

points i  !1,(, N" and all chemical elements j  !C, O, N, F". F̂ij�Α� in Χ2 is then calculated using the adjusted
ñjk�Α�. The procedure is repeated until the minimum of Χ2�Α� with respect to Α is found with the requested
accuracy.

To start this regularisation algorithm, it remains to make a sensible choice for the discrete depths ∆j,k. TheChoice
of discrete depth

choice is somehow arbitrary, which is the price to pay in order to avoid the assumption of a functional basis for
ñj�∆� like in equation (3.5). On the other hand, the result showed to be quite independent of the choice, as far as
the layers are chosen sufficiently thin close to the surface. Clearly, different discretisations could be compared
by their Χ2 values to determine the most probable one. In this work, the layer thickness �∆j,k � ∆j,k�1� was chosen
such, that each layer contributes on average an equal number of electrons to the signal taken at Θ1 � 0�. This
means for the statistical weight wijk of the k-th layer of the j-th element for the 1st measurement, defined in
equation (3.6): w1,j,k � 1

Æ
N for all elements j  !1,(, M" and layers k  !1,(, N". From this condition follows

for the depth ∆

∆j,k �� Λj ln
� N

N � k

�
, e.g. ∆j,0 � 0 and ∆j,N � ' . (3.8)

3.4.1.6 Results for simulated data

The discrete regularisation method described above was implemented in ��. The dimensionality of
the problem can be reduced if instead of the absolute XPS signal Fi,j the signal relative to carbon Fi,j

Æ
Fi,C is used.

Figures 3.14, 3.15, and 3.16 compare the density profiles reconstructed by the discrete regularisation
method to the simulated profiles. Figure 3.14 reconstructed the density profile from 18 sampled angles. It
reveals intrinsic limitations of angle-resolved XPS. Steep features of a profile cannot be recovered. For any given
angle Θ the exponential law in equation (3.2) is too smooth to well define a maximum electron emission depth.
Therefore, steep concentration profiles principally cannot effect sudden changes in the XPS signal with changing
angle Θ. The XPS signal from steep profiles can therefore be caused – with similar probability – by smoother
profiles than the true one. The figures 3.15 and 3.16 used 8 data points only, which is the number of samples
that was available for real data, presented in section 4.4.4. Step- and ramp-like profiles were reconstructed from
simulated data. In figures 3.17 and 3.18 measurement errors were added to the simulated data. The angle Θ was
smeared by a Gaussian distribution with a Σ of �Θ � min

�
20�, 0.093 �0.75

cos Θ

�
, according to equation (3.9). The XPS

signal Fij was calculated at this value of Θ and Fi,j
Æ
Fi,C was smeared with a Σ of �Frel � max�0.3%, 10% � Fi,j

Æ
Fi,C�.

The quality of the prediction suffers significantly from smearing. It must be concluded that, at the present
experimental accuracy, step- and ramp-like profiles cannot reliably be distinguished with 8 sampled angles only.

Figure 3.14: Application of the regularisation method to 18 simulated angle-resolved XPS data points that were calculated
from step-like density profiles, overlaid in gray on the right plot. The steep features of the simulated profile cannot well be
reconstructed.
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Figure 3.15: Reconstruction of step-like density profiles, from 8 simulated data points only. The number and range of the
simulated sample angles Θ corresponds to that of the experiments in section 4.4.4. The reconstructed profiles appear steeper than
in figure 3.14 since the number of layers of constant density is smaller.

Figure 3.16: Reconstruction of ramp-like density profiles, from 8 simulated data points only. The deeper the profile, the less
accurate it can be reconstructed.

Figure 3.17: Here, the sample from figure 3.15 was smeared with Gaussian errors, see text. All reconstructed profiles spread
out significantly. Narrow profiles are recovered less accurately.

Figure 3.18: Here, the sample from figure 3.16 was smeared with Gaussian errors, see text. At the present experimental
accuracy step- and ramp-like profiles cannot reliably be distinguished in a reconstruction with 8 sampled angles only. All
simulated profiles spread out significantly when being reconstructed.

3.4.1.7 Experimental realisation of angle variation

In the XPS device used for this work variation of the detection angle Θ suffers from a systematic error which
is caused by the design of the sample tilting unit. The electron analyser is at an angle Ψ � 8.5� relative to the
vertical. The sample is held by a tiltable mounting. The tilting is done by lifting or lowering a needle which
supports one side of the mounting. Since the range of z is limited to about 0 + z + 10.75 mm, an extra plate
mounted at angle Β and offset s ensures that angles Θ up to 90� can be realised. With a needle diameter 2� the
angle Θ satisfies the relation
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�s � Ρ� cos�Θ � Β � Ψ� � r sin�Θ � Β � Ψ�
!
� s � Ρ � z cos�Θ � Β � Ψ�

with the solution Θ � Ψ � Β �

����� arccos

�
r
�

r2 � z ��2 s � z � 2 Ρ� � �s � Ρ� �s � z � Ρ�
r2 � �s � z � Ρ�2

������ . (3.9)

With the dimensions of the setup: r �

z

s
β

ψ

.
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θ

Figure 3.19: Sketch of the XPS
sample tilting unit to define pa-
rameters given in the text.
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Figure 3.20: Take-off angle Θ as set by the
tilter versa the number or turns of the adjust-
ment screw. Interpolation by equation (3.9).

10 mm, s � 9.5 mm, � � 1.25 mm, Β �
18.5�, this expression can be approximated
by Θ � arcsin�0.093 z�. The needle is moved
up- and downwards quite indirectly by
its threaded lower end (pitch 0.75 mm)
which is mounted in a tapped hole. It is
turned from outside the vacuum cham-
ber via two gear wheels, a flexible axle,
and a magnetic coupling. Any slippage,
which is mainly caused by the last three
parts mentioned, leads to an error �z in
the z-position of the needle. It was es-
timated to about one turn of the screw,
i.e. �z � 0.75 mm. Therefore, the func-
tional dependence of Θ on z leads to a dramatic increase of the angle error �Θ � 0.093�z

cos Θ for Θ approaching 90�.
This error behaviour is problematic since especially the large-angle XPS data contains valuable information on
the very first surface layer. It must be concluded, that this design for adjusting Θ is not optimal. A better design
should be made for which the error �Θ is independent of Θ.

3.4.1.8 Concluding remarks

Especially, measurements at large angles Θ contain in principle the most important information about the con-
centration close to the surface. Unfortunately, large-angle measurements may be affected by surface roughness.
In addition, tilting the sample to large Θ suffers from drastically increasing positioning errors in the present
setup. However, qualitatively the density profile can be guessed from a plot of the XPS signal versa the take-off
angle:

� If the (normalised) signal is constant, the profile is constant over a at least a depth of 2 � 3 Λ

� If it rises with Θ, the concentration of the corresponding element is larger at the interface than in the
depth. The later it rises, the more the profile is peaked towards the interface

� If the signal drops with Θ, the inverse holds

And last, not least, the quantitative information on the depth profile can only be as reliable as the value of Λ.

3.4.2 Critical issues of XPS analysis

The error sources of XPS measurements require a detailed discussion. XPS is generally called a semi-quantitative
method. The reason for this lies in the definition of the quantity surface density. An XPS signal results from the
integral over the convolution of two profiles: The density profile of the chemical element and the sensitivity
profile of XPS. This detection principle is the source of a possible but fundamental systematic error, since the
integral value is not well-defined if element profile is unknown. In principle, it is not valid to compare depth-
averaged chemical element densities resulting from differing depth profiles. But in practise, often no better
information exists, since the determination of depth profiles by angle-resolved XPS, see section 3.4.1.4, would
be too time-consuming. There are two possible reasons for different density profiles, as were observed in figure
4.30. They may result either from differing grafting mechanisms for the different species or from a depth-limited
derivatisation reaction which fails to label functional groups in deeper surface layer.
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3.4.2.1 General experimental uncertainties

The relative statistical error of the area of an XPS peak, is inversely proportional to the square-root of the
(high) count rate. It can be considered to be small under the operating conditions chosen in for work. The
assumed error ��M/C� � max �0.5%, 10% �M/C�, M  !O, N, F, NH2", which has been introduced before, is
dominated by systematic effects, like fluctuations of the pressure, (differential) surface charging, and x-ray damage
occurring during data acquisition. The inter-measurement errors may be caused by differences in surface quality,
positioning in the electron analyser focus, and sample material variations from manufacturing.

For ratios of count rates belonging to different XPS peaks, error propagation has to be considered, since
the validity of the ratio strongly depends on the relative error of the denominator. For instance, in this work
the error of the selectivity for amino functional groups NH2/N increased significantly for high selectivities,
compare chapter 4.

With respect to the detection of TFBA (bond to �NH2) it has to be considered that a fluorine contamination
may have occurred already during plasma processing. It was observed only exceptionally and may have its origin
in etching of the microwave coupling window’s Viton sealing or in fluorinated turbo pump lubricant oil.

3.4.2.2 Uncertainties of derivatisation

Derivatisation reactions gives rise to additional experimental errors. First of all, the reagent may exhibit cross
sensitivities to other surface functionalities the one intended for labelling. Secondly, if the size of the marker
molecule exceeds that of the functional group steric hindrance may prevent labelling and lead to a smaller
density of marker molecules than functional groups. Thirdly, gas phase derivatisation requires diffusion of
relatively large marker molecules into the bulk. The depth of derivatisation may therefore be smaller than
the depth of plasma functionalisation, on the one hand, and smaller than that of XPS sampling depth, on the
other. The measured surface density of the marker molecule may therefore underestimate the true density of
the functionality.

The maximum density determinable by TFBA derivatisation of �NH2 groups was studied in the following
section. The problem of limited derivatisation depth is difficult to study in case of �NH2 groups, since the �NH2
cannot be detected without derivatisation. So, it is not known, whether the depth of amino functionalisation
exceeds that of the derivatisation. However, angle-resolved XPS showed that the fluorine profile due to derivated
amino groups is significantly shallower than that of nitrogen atoms, see section 4.4.4. Provided the grafting
probability of primary amine groups has the same depth profile as that of the other nitrogen-containing groups,
the shallower fluorine profile could be interpreted as a hint that the depth of derivatisation by TFBA may be too
small to label deeply-grafted amino groups. Unfortunately, since several hypotheses for the mechanism of amino
grafting exist, no definitive answer can be given here. If, for instance, the mechanism of grafting amino groups
includes selective etching, see section 4.5.1, selective etching should require collisions of hydrogen radicals with
a nitrogen group to convert it to �NH2. Since the hydrogen concentration should decrease with depth, nitrogen
functionalisation may become more efficient than conversion to amino groups with increasing depth.

If XPS count rates are normalised to that of a reference atom in the surface, e.g. to carbon, another feature ofCarbon
correction

derivatisation has to be considered: The marker molecule may contain the reference atom. The additional signal
from the reference would reduce the resulting surface density. For instance, in case of TFBA, 8 additional carbon
atoms are bond together with 3 fluorine atoms to mark one primary amino group. The maximum F/C ratio
possible for a derivated polymer is that of TFBA: F/C � 3/8 � 37.5%. For a flat depth profile of amino groups
and a derivatisation depth exceeding the depth range of the XPS, the measured �NH2/C�meas amino density has
to be fully corrected by the 8 carbon atoms of TFBA

�M/C�corr �
�M/C�meas

1 � 8/3 � �F/C�meas

with M  !O, N, F, NH2 etc." . (3.10)

Consequently, a measured amino density of 1/9 � 11.1% would already correspond to 100% if corrected for the
additionally incorporated carbon by TFBA. The error of the corrected density starts to increase dramatically for
densities exceeding 5%. For a restricted derivatisation depth, which is smaller than the range of the XPS the
measured density of NH2/C is reduced even further due to additional carbon signal from lower surface layers.
For the shallow profiles fluorine found in angle-resolved XPS, however, this carbon correction is not necessary,
as will be seen below.

For these reasons, XPS measurements of surfaces that were subjected to a derivatisation reaction can be
expected to give semi-quantitative results only, especially if they were not performed angle-resolved.
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3.4.2.3 Test of derivatisation by TFBA

Since it must be understood how reliable quantification of primary amino groups by derivatisation and XPS
analysis is, several aspects of the derivatisation by TFBA have been studied in detail.

The cross sensitivity (selectivity) of TFBA was tested by polystyrene surfaces that were subjected to a hy-Selectivity

drogen RF plasma treatment. Dangling bonds gave rise to autoxidation (compare sec. 2.3.3.3) which enhanced
the density of oxygen functionalities from �1.2�0.3�% in situ to �8.0�0.8�%. The fluorine density of the surface
after derivatisation was less than �1.7 � 0.3�%, corresponding to less than 0.5% primary amino groups. This
small amount of fluorine is considered to be due to a small cross sensitivity of the derivatisation reaction to
oxygen groups, or to dangling bonds in the polymer surface. In addition, the derivatisation process itself as well
as surface roughness and the degassing duration of the sample after derivatisation may be a source of statistic
and systematic experimental errors. Derivatisation therefore contributes to the overall uncertainty of detecting
�NH2 groups. Although three Fluorine atoms correspond to one primary amino group, the density of primary
amino groups has not been considered to be more accurate than that of nitrogen or oxygen atoms, compare also
sec. 3.4.1.2.1. In this work an error of ��NH2/C� � max �0.5%, 10% �NH2/C� has been assumed.

To check whether the derivatisation of pri- F/C NH2/C N/C NH2/N

�36.5 � 3.7�% �12.2 � 1.2�% �10.4 � 1.1�% �117 � 23�%
Table 3.5: Uncorrected XPS results of TFBA derivatisation of PAAM.

TFBA on PAAM

C
H

C HH
NH2

n

mary amines by TFBA works properly, the la-
belling procedure was applied to a film of polyal-
lylamine (PAAM) film. PAAM was delivered
by SIGMA-Aldrich (Taufkirchen, Germany), as amino hydrochloride to protect amino groups from oxidation
to amides. The film was prepared by dip-coating a polystyrene disk in a 1% aequous solution of PAAM-
hydrochloride. To remove the chloride, deviating from the recipe of [1, 202], the solution was buffered to pH
7 by a phosphate buffer system. While an underivated film exhibited a N/C density of �27 � 3�%, the NH2/N
ratio of the derivated film was �117� 12�%. These two values combined give the expected amino group density
of a PAAM film. The complete results after derivatisation are given in table 3.5. However, the measured F/C
ratio is 36.5%, which is practically that of pure TFBA, so the result has to be treated with care. A thinkable
explanation may be a high surface roughness of the PAAM film.
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Figure 3.21: A comparison of the nitro-
gen content before and after derivatisation by
TFBA of various plasma-modified polystyrene
samples gives important information on the
necessity of applying the TFBA carbon cor-
rection discussed in the text.

Nitrogen gives a very important reference signal. Its absolute valueTFBA
and N density

should be undisturbed by TFBA derivatisation. Therefore, the contri-
bution of additional carbon from TFBA can be directly monitored by
the N/C ratio. In order to test this property, ex situ nitrogen surface
densities of plasma-functionalised polystyrene samples have been com-
pared before and after derivatisation by TFBA. The result is shown in
figure 3.21. The NH2/C ratios of the samples ranged from 1.4 to 2.6%.
Somehow surprisingly, no significant deviation of the N/C ratio due ad-
ditionally incorporated carbon from TFBA can be observed. A slope of
1.02�0.04 resulted from a fit to the uncorrected data while a correction
by the formula (3.10) would give an – incorrect – slope of 1.20 � 0.06
. It must be concluded from this data analysis that the TFBA-derivated
surface layer contributes only very small additional carbon XPS signal.
This could be explained by a thin surface layer containing fluorine, as
was also found by angle-resolved XPS, see section 4.4.4.

Referring to what was said earlier, the derived amino density isConclusions

systematically underestimated. Either since the derivatisation does not
reach deep enough, or since the ratio NH2/C is composed of two terms
which arose from integrating XPS signal over a shallow (fluorine) and a large (carbon) depth. Although this
effect has been studied for nitrogen in the pioneering work of Nakayama et al. [114] on gas phase derivatisation
by angle-resolved XPS, problems of this kind related to derivatisation have been omitted. Other works, e.g.
references [61, 63, 120, 123],although they did not measure angle-resolved, used larger take-off angles but still
below or equal 45�, an angle which shortens the sampling depth by about 30% only. This reduction should not
suffice to solve the problem of a systematic underestimation of the density of derivated functional groups.
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3.4.3 Alternative surface analysis techniques

Alternative methods principally capable of detecting primary amino groups are FTIR and fluorescence spec-
troscopy.

3.4.3.1 FTIR spectroscopy

Fourier-transform infrared (FTIR) spectroscopy can become surface sensitive in attenuated total reflection (ATR)
or gracing incidence (GI) beam setups. The quantification of surface densities is principally difficult. Nitschke
[208] investigated surface changes of polymers exposed to RF plasma treatment by in situ ATR FTIR. However,
the experiments to detect primary amino groups by ATR FTIR spectroscopy by Hollahan et al. [112] and
reference [208] were not successful.

3.4.3.2 Fluorescence spectroscopy

Functional groups can be labelled by fluorescing molecules. The selectivity of the labelling reaction crucially
determines the reliability of this technique. Also the surface roughness of the labelled sample may influence
the intensity of the fluorescence signal. Quantification of fluorescence is therefore generally involved. The
fluorescence may then be quantified either directly on the surface, or after the fluorescence was detached from
the surface and collected with known concentration in a cuvette by photometry. Depending on the fluorescence
wavelength, the former procedure may not work on intrinsically fluorescing polymers like polystyrene. The
alternative procedure of detaching the markers, on the other hand, does not work for marker molecules that
fluoresce only if bond to the target functional group.

Surface densities relative to carbon of fluorescence molecules exceeding about 0.5% may show reduced flu-
orescence due to quenching effects of densely-packed marker molecules on the surface of the sample [144].
Therefore, many fluorescence techniques are restricted to density ranges lower than those accessible by XPS
analysis.

Amino groups can be labelled by fluorescamine (Fluram) and fluorescein isothiocynate (FITC), for instance.
The latter reaction is reported not to be completely selective, since it proceeds with different oxygen containing
functionalities as well as with amines. Ivanov et al. [209] studied fluorescence labelling of various functional
groups on polyethylene.

3.5 Experimental Strategy
The experiments performed in the scope of this work aimed at exploring a considerable part of the range of
surface modifications accessible by anisothermal plasmas containing nitrogen and hydrogen. Two types of
plasma modifications were studied: functionalisation and passivation. The results will be presented in chapter
4. Primarily, it was intended to contribute to a better understanding of the volume and surface chemistry of
those plasmas. Further, with regard to applications, the experiments aimed at optimising the functionalisation
of polymers in two respects: Either to maximise the nitrogen density, N/C, or the amino selectivity, NH2/N, under
the constraint of a maximum amino density, NH2/C.

While highly efficient amino functionalisation processes will promote applications that base on bonding of
molecules to primary amino groups, highly selective processes might allow to create mono-functional surfaces.
Those surfaces, being equipped with one type of functional group only, are of special interest for basic research
and high-end applications.

Starting point of the investigations of this work were plasma processes in gas mixtures of ammonia and
hydrogen that were developed for amino functionalisation of polymers by d’Agostino et al. [1, 120, 130, 187]
and by Keller [54]. While d’Agostino and co-authors studied the glow and afterglow of cw and pulsed radio-
frequency (RF) discharges, Keller’s results were obtained in the afterglow of a cw microwave (MW) discharge.
The selectivity, NH2/N, for amino functionalisation ranged from 75% in [1, 120] with an efficiency, NH2/C,
below 1% to a remarkable selectivity of �90 � 30�% at an efficiency of �3.6 � 0.4�% in [54].

The exploration of the accessible parameter space for polymer surface functionalisation was done by system-
atically varying the so-called ‘standard’ processing conditions. This condition is an optimised version of a cw
MW process developed by Keller [54].
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The ‘standard’ process parameters are

Microwave Treatment Gas
Power Input Duration Flow Pressure
�550 � 100�W 9.6 s 15 sccm NH3 �11 � 1�Pa

For all experiments the processing gas was introduced through the central bore in the substrate table. Its
retention time in the active plasma zone was estimated in section 3.1.2.2 to be about 0.3 s. In the scope of this
work, this set of ‘standard’ process parameters was extended to pulsed MW plasmas (9.6 s effective treatment
time, different duty cycles) and to cw RF plasmas (80 s treatment duration).

In sections 4.2.1, 4.2.2, and 4.2.4 the cw MW and RF modes, and one pulsed MW plasma modes of 1%

duty cycle at 1 ms pulse duration were varied with respect to the following parameters: treatment duration,
distance between sample and plasma glow, gas pressure, and gas mixture

cw MW pulsed MW with 1 ms /100 ms pulse/pause cw RF .

Further, in section 4.2.3 pulsed MW plasmas in NH3 and a stoichiometrically equivalent mixture of N2 � 3H2

were smoothly tranformed to cw MW plasmas by modulating the duty cycle of the incident power.
Most functionalisation experiments used polystyrene as substrate material. Section 4.3 presents results of a

study on the transferability of the plasma functionalisation to seven other types of polymers.
Section 4.6.1 focuses on the damage done to the polymer by plasma species. Methods of curing plasma-

induced damages are discussed. An important point is that of chemical and temporal stability of surface func-
tional groups after their creation by plasma processing. It is discussed in section 4.4. This section also presents
results on angle-resolved XPS measurements.

Dimensionality of the problem

When optimising a plasma process empirically, the di-

� Plasma source � RF (1)
� MW (1)

� Power modulation � cw (1)
� pulse duration (3)
� pause duration (3)

� Power feed (3)
� Sample-to-plasma distance (3)

� Gas mixture � NH3 mixture

� NH3 (1)
� NH3�H2 (4),
� NH3�Ar (3),

� N2 mixture

� N2 (1)
� N2 �H2 (4),

� Process pressure (4)
� Treatment duration (5)

Table 3.6: Suggested number (#) of parameter variations that
would allow to plot 3�4 data points per continuous variable.

mensionality of the problem increases exponentially with
the number of control parameters. The dimensional-
ity of an experimental setup used for the generation of
nitrogen-containing anisothermal plasmas can be roughly
estimated as follows. Table 3.6 suggests the required
number of states (in brackets) to plot 3�5 data points
per parameter variation for the continuous variables and
different modes of plasma excitation. To completely
cover this parameter space with measurements, varying
only one parameter per experiment, would require about
2�7�3�3�13�4�5 � 32760 experiments. Of course,
this is an unreasonably large number for any practical
realisation.

For this work, the time required to prepare, process,
and analyse a single polymer sample lied in the order of
two hours, not including degassing time in the load lock
and the UHV reactors. For this work more than 150
different parameter variations were studied in polymer
functionalisation experiments and evaluated by in and
ex situ (TFBA) XPS. Although this is a large number
considering the experimental effort, it appears still small, compared to the number mentioned before. Therefore,
in this work only the vicinity of the so-called ‘standard’ process condition was explored by cw MW, pulsed MW,
and cw RF plasmas in order to optimise the plasma process with respect to the aim of surface functionalisation
mentioned before.

The range of parameters covered a variation of plus/minus two orders of magnitude in treatment duration
and in MW duty cycle, and plus/minus one order of magnitude in pressure, in sample-to-plasma distance and
in the relative stoichiometric concentration of nitrogen in the gas mixture. The studied plasma conditions were
derived from the ‘standard’ conditions by varying one or two parameters (plus the type of excitation) only.
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This chapter provides experimental results which can help to better understand some of the basic reaction
mechanisms of polymer surface modification. The gas phase concentration and surface composition data was
collected for cw and pulsed MW, as well as cw RF plasma processes. The plasmas were employed for polymer
surface functionalisation and passivation. The processing gases contained hydrogen and/or nitrogen. Like most
other publications also this work suffered from insufficient gas phase diagnostic means. It was tried, however,
to compensate this lack by a systematic study of process parameters in a very clean reaction environment. The
strategy of this approach was developed in section 3.5.

To start with, this chapter presents gas phase diagnostic results that help to characterise the different plas-
mas under study. Next follow results of polymer functionalisation experiments and a study of the transferability
of the plasma processes, which were developed for polystyrene, to other types of polymers. The durability of
the functionalisation was tested and results given. Angle-resolved XPS measurements that were made in this
context will be evaluated and discussed in detail. Further, the process of plasma passivation of polymers in
hydrogen discharges will be investigated. The damageability of polymers by plasma processing will be studied
with respect to the role of atomic hydrogen and UV/VUV radiation.

55
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Where appropriate, the presentation of chemical surface composition of processed polymers, obtained by
XPS, will be accompanied by data on optical emission of the plasma glow. The experimental conditions of
OES were described in section 3.2.2.1. Supplementary TDLAS and TALIF measurements of NH3 and N2+H2

discharges will be reported separately in sections 4.1.2 and 4.1.1.
The parameters of a plasma process are given in boxes adjacent to the plots. The word ‘var’ for a parameter

denotes the varied process parameter. Whenever possible, related figures were grouped on neighbouring pages
to facilitate data comparison.

The chemical composition of polymer surfaces was measured by XPS for an electron take-off angle Θ � 8.5�.Please note

This angle corresponds to a sampling depth of 8 to 10 nm. According to the discussion in section 3.4.2.3,
the normalisation of the XPS signal to the (deep-ranging) carbon density tends to underestimate the density of
superficial elements. This is of special relevance for the measured (fluor-labelled) amino density NH2/C which in
any case exceeded 3 to 4%. Table 4.3 in section 4.4.3 suggests alternative calculations of superficial densities on
the base of density profile measurements. They underline the semi-quantitative character of non-angle-resolved
XPS measurements, which lack the profile information.

4.1 Available Information on the Gas Phase
Prior to presenting the results of polymer modification experiments, the following section reports results of gas
phase diagnostic experiments which allowed to investigate the concentration behaviour of important species for
selected modes of plasma excitation. Examples of OES spectra are given in figures 4.10 and 4.9.

4.1.1 Concentration of atomic hydrogen determined by TALIF

Atomic hydrogen plays an important role in the gas Gas Mixture H
.
Density

NH3 1.4�1020 m�3

N2+3H2 1.7�1020 m�3

H2 0.9�1020 m�3

Table 4.1: Densities of atomic hydrogen in the UHV reactor
determined by TALIF by Duan [110]. Plasma parameters were
�11 � 1�Pa at 12 sccm and �550 � 100�W MW power.

phase chemistry as well as in abstraction and substitu-
tion reactions at the polymer surface. It is therefore de-
sirable to determine its concentration in the glow and
afterglow of a discharge. The cooperation of X. Duan
allowed to perform a series of TALIF experiments in
the UHV reactor system, see also section 3.2.2.3. The
density of atomic hydrogen was measured in cw and
pulsed MW plasmas containing H2, NH3, and N2 � 3H2. Only the results most relevant to this work will be
reviewed here. The complete results can be found in reference [110]. The H

.
density was determined about

6�7 cm below the MW coupling window. Figure 4.1 compares cw MW discharges in NH3, H2 and N2+3H2.
The first ones yielded a higher density of atomic hydrogen under similar discharge conditions than the second
ones. The temperature of atomic hydrogen in H2 plasmas with about 600 W coupled MW power ranged from
�615�105�K at �11�1�Pa to �725�125�K at �110�10�Pa. For a MW power variation at �55�5�Pa H2 pres-
sure, the temperature increased from �650�100�K at 750 W to �1020�155�K at 1250 W, while the density of
atomic hydrogen of �0.39� 0.08��1021 m�3 at 750 W more than doubled to �0.89� 0.10��1021 m�3 at 1250 W.

Also the decay time of atomic hydrogen in the UHV Gas Pressure Decay Time Estimated Γ

NH3 �11 � 1�Pa 6.2 � 0.1 ms 0.018
H2 �27 � 3�Pa 8.9 � 0.7 ms 0.012
H2 �55 � 5�Pa 14.0 � 0.2 ms 0.008

Table 4.2: Measured decay times and estimated recombina-
tion probability Γ of atomic hydrogen in the UHV reactor
determined by TALIF by Duan [110]. The other plasma
parameters were 12 sccm and �550�100�W cw MW power.

reactor has been determined for different plasmas, see for
instance figure 4.2. For discharges in H2 and in NH3 of
11 � 55 Pa pressure the decay time was about 10 ms. In the
low pressure regime, recombination of atomic hydrogen is
dominated by diffusion to the reactor walls, where efficient
recombination occurs. The decay times have therefore been
used to derive the recombination probability Γ of atomic hy-
drogen on the reactor walls in table 4.2, see also section 2.2.3.2.
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Figure 4.1: Pressure dependence of the density of atomic hy-
drogen 6 � 7 cm below the glow of cw MW discharges in pure
NH3 and pure H2. The temperature of atomic hydrogen was
determined to be about 800 K, where a partial pressure of 1 Pa
corresponds to 9.25�1019 m�3. In case of pure H2, the degree of
dissociation in the afterglow is about 8%. For NH3, the degree
of dissociation cannot be derived from the H density, since the
concentrations of the other fragmentation products of NH3 are
unknown.
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Figure 4.2: Temporal development of atomic hydrogen in a pul-
sed MW discharge in NH3. The decay time Τdec due to (wall)
recombination was determined from fitting an exponential de-
cay function nH  exp��t

Æ
Τdec�. The rise time Τraise results from

the combined effect of the dissociation and the recombination
channels. It was determined by fitting nH 

�
1 � exp��t

Æ
Τraise�

�
.

The dissociation time Τdis can then determined from the equation
1

Τraise
� 1

Τdis
� 1

Τdec
.

4.1.2 Concentration of Ammonia determined by TDLAS

The modification rate of a plasma process is closely linked to its production rate of active chemical species. In
case of discharges in NH3 the production of chemically reactive species goes hand-in-hand with the decomposi-
tion of NH3. Tunable Diode Laser Absorption Spectroscopy (TDLAS) provided a method to monitor the NH3
turnover. An introduction to TDLAS was given in section 3.2.2.2.2. Other recent literature [94] used mass
spectrometry, for instance. TDLAS allowed to sensitively determine absolute concentrations of NH3. Next to
the residual density of discharges in NH3, the rate of dissociation was studied for different modes of plasma ex-
citation. As section 4.2.1 will show, the knowledge of the NH3 dissociation behaviour allows an understanding
of the differing time scales of surface functionalisation in cw MW, pulsed MW, and cw RF processing.

4.1.2.1 Residual density of NH3

Due to recombination processes, the NH3 concentration in a NH3 discharge in a closed reactor does – even
for very long durations – not completely vanish. A numerical model [210] of the chemical gas phase kinetics
under low pressure conditions that did not include wall recombination processes, could not explain the observed
amount of NH3 recombination by volume processes alone, see also section 5.3. As was pointed out in sections
2.1.2 and 2.2.3.1, recombination is most efficient in presence of metallic catalysts. Therefore, recombination
will mainly occur at the reactor walls.

TDLAS measurements further showed that the residual density of NH3 in cw MW plasmas in NH3 and in
N2+3H2 is equal within error limits. This must be due to the high degree of dissociation of molecular species
achieved by the cw MW plasma in the UHV reactor.

No data but only qualitative observations will be reported for the following three experiments. They were
performed with gas flow on, whereas the reactor was closed in the experiments presented in the next section.

For an increasing Ar partial pressure at fixed NH3 partial pressure the residual concentration of NH3 in aAdmixture of Ar

cw MW plasma did not change significantly.
Whereas the residual concentration of NH3 in a cw MW discharge in pure NH3 decayed exponentially withVariation of

gas pressure

increasing pressure from around 1.2% at 10 Pa to 0.4% at 220 Pa.
For MW discharges in a mixture of Ar and NH3 with varied incident power only a minor change in theVariation of

MW power

degree of dissociation was observed. For a gas mixture of �NH3�/ �Ar� � 1/4 at 440 Pa the degree of dissociation
was well above 98% for an effective MW power between 800 and 1600 W. While for 55 Pa it stayed well above
99% for an effective MW power between 250 and 650 W. For the data of the cw RF plasma in figure 4.5 the
change of the residual density with power was negligible likewise. The effect of MW power modulation on the
residual density can be extracted from the rightmost data points of each of the curves in figure 4.3. Here, larger
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duty cycles increased the residual NH3 concentration significantly. The pause during MW pulses, i.e. the time
for recombination, was identical for all studied duty cycles. During shorter MW pulses, a smaller fraction of
recombined NH3 is dissociated anew.

4.1.2.2 Rate of NH3 dissociation
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Figure 4.3: Rate of dissociation of �11 � 1�Pa NH3 in cw and
pulsed MW plasma excitation with variable pulse durations in
a closed recipient. 1 Pa at 300 K corresponds to 2.5�1020 m�3.
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Figure 4.4: Required power predicted from the rate of dissoci-
ation determined in figure 4.3 in 75 �NH3 versa the effectively
input MW power, see text.

The figures 4.3 and 4.5 compare the rates of NH3 dissociation that were reached by different modes of plasma
excitation in pure NH3 at �11 � 1�Pa pressure. The chosen unit of Pa is useful for practical purposes but is not
quite exact. Actually, TDLAS measures particle densities which were converted to partial pressures assuming a
gas temperature of 300 K.

The dissociation process started linearly but slowed down for small residual concentrations of NH3 inMain results

the reactor. A finite NH3 density persists in the decomposing plasma due to recombination on the metallic
reactor walls. The figures 4.4 and 4.6 show that the dissociation rate is in good proportionality to the effective
power input to the plasma (duty cycle � absorbed power for the pulsed MW). This shows that effects of the
ignition and decay phase of the plasma can be neglected. A pulsed MW plasma practically behaves like an
interrupted cw MW plasma. Two of the standard plasma modes, which will be closely investigated in the
plasma functionalisation part of this chapter, the cw RF and the pulsed MW plasma with on

Æ
off=1

Æ
100 �ms

Æ
ms ,

exhibit similar dissociation rates of about 0.04 Pas�1 � 1�1019 m�3s�1(1).
The power requirement to produce the observed dissociation rates can be roughly estimated. The energyEstimation

of power
requirement requirement for the total dissociation of NH3 � N... � 3H

.
is about 8.5 eV, see table 2.1. In the pressure range

of �11 � 1�Pa volume three-body recombination to N2 and H2 can be neglected. A large fraction of the input
energy is therefore lost by diffusion of atoms to the reactor walls. The amount of energy lost by ambipolar
diffusion of ionised particles as well as diffusion of vibronically excited particles to the walls, was neglected. In
case of ions this is justified by an expected degree of ionisation in the order of 10�4.

The rate of dissociation of the cw MW plasma was determined to be �2.1�0.4�Pas�1 � 5.5�1020 m�3s�1. ToMW plasma

reach this rate in the 75 � volume of the UHV reactor would require a power input of 8.5 eV � 5.5�1020 s�1 m�3 �
0.075 m3 � 56 W.. The combined value for the rate of dissociation in cw and pulsed MW excitation is �2.4 �
0.3 Pa s�11�1� (Pascal per second and duty cycle). This value together with that of the pulse MW excitation is
compiled in figure 4.4. The plot reveals a good linearity between the effective input power of a duty-cycle-
modulated MW discharge and the power requirement estimated from the observed dissociation rate.

Figure 4.6 presents the resulting correlation for the data of cw RF plasma excitation in �11 � 1�Pa NH3
RF plasma

(1)Corrigendum: In the refereed version of this work the conversion from Pa to m�3 missed a factor of 0.1.
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Figure 4.5: Rate of dissociation of �11 � 1�Pa NH3 in cw RF
plasma excitation with variable input power in a closed recipi-
ent. 1 Pa at 300 K corresponds to 2.5�1020 m�3.
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Figure 4.6: Required power predicted from the rate of disso-
ciation in 75 � NH3 versa the input RF power, see text.

with varied input power. The data itself is shown in figure 4.5. It likewise reveals a linear correlation between
the predicted required and the input RF power. The predicted power is only �4.2 � 0.4�% of the input value.
This shows either that a cw RF plasma is less efficient in dissociating NH3 than a pulsed MW plasma of similar
effective power input, or, which is more probable, that the reflected RF power is measured incorrectly by the
RF generator due to impedance mismatching, see section 3.1.2.1.

4.2 Polymer Functionalisation Experiments
This section presents the results of surface func-
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Figure 4.7: Dependence of the nitrogen surface density of
polystyrene on the effective treatment duration by three different
modes of plasma excitation in NH3. The effective treatment dura-
tion is the total treatment duration times the duty cycle.

tionalisation experiments on polystyrene under var-
ious plasma conditions. If not labelled differently,
the surface densities presented in this chapter were
measured ex situ after derivatisation with TFBA.
Since the ex situ (after TFBA derivatisation) N/C
density can be calculated from the ex situ (after
TFBA derivatisation) NH2/C and NH2/N ratios,
for some plots only the N/C in situ density will be
shown for reasons of clarity. The observed consider-
able difference between the in situ and the ex situ
(after TFBA derivatisation) nitrogen content of a
plasma-treated surface will be discussed in more de-
tail in section 4.4.1. Most interesting results of the
different parameter variation series will be reported
first. Especially, the admixture of H2 to discharges
in N2 deserves special attention since it allowed to
formulate a quite detailed hypothesis for the reac-
tion mechanism of amino and nitrogen grafting in
section 5.1.3.
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4.2.1 Variation of treatment duration in NH3

The duration of a plasma treatment is an important
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Figure 4.8: Dependence of the amino and nitrogen surface den-
sity of polystyrene on the number of NH3 gas molecules that were
dissociated during treatment by three different modes of plasma
excitation. The integrated number of dissociated NH3 is propor-
tional to the treatment duration. It is defined in the text. The
data of plot b is also shown in figure 4.7.

parameter in polymer processing. Since polymers
are easily damageable by intensive fluxes of plasma
species and heat, the treatment duration has to be
minimised in order to preserve the bulk properties of
the polymer but to still achieve the required surface
functionalisation.

Figure 4.7 presents the result of nitrogen func-
tionalisation of polystyrene surfaces by three different
modes of plasma excitation in pure ammonia. Ni-
trogen surface densities are plotted versa the effective
treatment duration, i.e. total duration times duty cycle.
The MW and the RF plasmas functionalise on very
different time scales. Further it has to be noted that
the in situ XPS measurements of the nitrogen sur-
face density yielded considerably larger values than
the ex situ ones. This effect will be discussed in sec-
tion 4.4.1.

The behaviour of the three plasma modes can be
better understood if the data is plotted versa the in-
tegrated number of dissociated NH3 molecules, as done in
figure 4.8. It is defined as the product of the disso-
ciation rates (which were determined in figures 4.3
and 4.5), the reactor volume of 75 �, and the to-
tal treatment duration. Figure 4.8 presents the ni-
trogen surface density together with the amino effi-
ciency and amino selectivity of the plasma processes.
It shows that the progress of the functionalisation de-
pends on the NH3 turnover of the discharge. On this
time scale, the functionalisation speeds of the differ-
ent plasma modes are similar.

Compared to the nitrogen density, N/C, the
surface density of primary amino groups, NH2/C,
rapidly reached a plateau value. The nitrogen den-
sity N/C saturated later. Consequently, the selectiv-
ity for amino groups NH2/N decreased with treat-
ment duration. The plateau value of amino group ef-
ficiency was highest for cw MW excitation, NH2/C �
�2.9 � 0.3�%, while pulsed MW and cw RF plas-
mas reached only �2.5 � 0.3�% and �1.8 � 0.3�%, re-
spectively. Also in the following sections it will be
found under various conditions, that pulsed MW and
cw RF plasmas grafted NH2/C densities which were
0.5 � 1.5% lower than that grafted by cw MW plas-
mas. It took less than 0.5 s and 0.1 ms for the cw and pulsed MW plasmas to reach the plateau, while 10 s
were required for the cw RF plasma. The cw RF plasma therefore appears better suited to control the density of
amino groups via the treatment duration.

The nitrogen densities grafted by the pulsed MW and the cw RF plasma steadily increased with treatment
duration up to saturation at around(2) 30 � 35%. Whereas the cw MW process showed a different behaviour.
The low saturation level of N/C at about 10% followed by a descent can be interpreted in two ways: It may

(2)The plateau value for the pulsed MW plasma was not determined since at 1% duty cycle already 40 s effective treatment duration
correspond to 67 min total treatment duration.
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partially be due to the fast decomposition of NH3 by the cw MW plasma. After about 5 s most of the NH3 is
dissociated, compare figure 4.3. The slow gas exchange rate at 15 sccm NH3 gas flow into the reactor cannot
supply significant amounts of fresh NH3. After a short while, a cw MW plasma in NH3 behaves therefore
basically like a plasma in a mixture of N2+3H2, compare section 2.1.2. Section 4.2.2 observed that N2+3H2

plasma incorporated less nitrogen groups than NH3 plasmas. The other reason for the descent of the N/C
ratio that starts already at about 2 s may be an over treatment of the polymer surface. It may be caused by massive
damage to the polymer structure, especially by hydrogen radical attack, as the loss of phenyl rings in figure 4.34
motivates. As TALIF measurements showed, a cw MW NH3 plasma is rich in atomic hydrogen. In addition,
the enthalpy deposited during the process heats up the surface, which may drive oxygen out of the polymer
bulk. It could negatively interfere with the nitrogen incorporating chemistry, compare section 4.2.6.

The studied pulsed MW and cw RF plasmas exhibit a similar effective NH3 decomposition rate, i.e. with
respect to the effective treatment duration. Both plasma processes showed no effects of an over treatment of
the polymer surface. The low NH3 decomposition rate, compared to cw MW plasmas, ensured an efficient gas
exchange during the process. Pulsed MW and cw RF plasmas operated in a gas phase rich in NH3.

Main results

The functionalisation progress of the three studied modes of plasma excitation is similar with respect to the
NH3 conversion rate.

It is important to note that the process of amino functionalisation proceeds faster than the incorporation
of non-amino groups. It is remarkably fast in cw MW discharges. The large error bar of the NH2/N ratio
results from the division of a number by a smaller one with finite error, see also section 3.4.1.2.1. The highest
selectivities for primary amino groups of NH2/N � �100 � 30�% were obtained for the two MW plasma modes
within just 100 ms. This high value was only obtained under very clean processing conditions. A similar series
of experiments in a fine vacuum reactor failed to reproduce this feature, see figure 4.24. The cw RF plasma
allowed to incorporate primary amine groups with a selectivity of NH2/N � �75 � 30�% within 5 s but for this
value the efficiency lies below NH2/C � �1.4 � 0.3�%.

The cw MW plasma process reliably reached a maximum efficiency NH2/C of about �3.0�0.5�%. Although
this density is comparable to the highest ever reported on polymers, it is believed to still lie below the true value:
In figure 4.30 the depth profile of fluor-labelled amino groups was found to be shallower than the sensitivity
depth of XPS of about 8 to 10 nm at which carbon is sampled. So, the ratio of both elements is malformed and
should underestimate the true value, compare section 3.4.2.3 and table 4.3.

A value of 100% amino selectivity, NH2/N, cannot be underestimated since it is the maximum value
possible. The efficiency, NH2/C, however, may be underestimated also at 100% selectivity.

It must be concluded that none of the three plasma processes in pure NH3 appears to be suited for practical
applications aiming at functionalising polystyrene with close to 100% selectivity. The RF plasma does not reach
this high value, the MW only reaches it in a clean UHV reaction environment.

Another interesting observation is that the glow of a cw RF plasma appears to cause less damage to the
polymer surface than a remote cw MW plasma. The enthalpy transport by energetic ions in the RF plasma
appears to be considerably lower than by atomic hydrogen in a more powerful MW plasma. In section 4.6.1,
the damage to the polymer will be studied via the integrity of aromatic rings.
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4.2.2 Admixture of H2 to discharges in NH3 and N2

Many practical applications of plasma functionalisation would favour to replace NH3 by a mixture of N2+H2.
This section and section 4.2.3 study the consequences of such a replacement.

Since the plasma chemistry of N2+H2 is principally different from NH3, optimum functionalisation must
not naturally result from a gas mixture which is stoichiometrically equivalent to NH3, i.e. N2+3H2. In addition,
Favia et al. reported in reference [1] a positive effect on the selectivity for grafting amino groups on polymers
when H2 was added to a RF discharge in NH3. Therefore, the stoichiometric composition of both types of gas
mixtures was systematically varied by adding H2 to NH3 and N2, keeping the pressure constant.

This section presents the results of surface functionalisation experiments. Polystyrene samples were pro-Experimental

cessed by three different types of plasmas, cw and pulsed MW, and cw RF, in those gas mixture variations.
The surface composition after the plasma process was determined by XPS. The results are shown in figures
4.13 and 4.11. They are accompanied by optical emission (OES) data of the plasma glow. Both, the XPS and
the OES data sets, are plotted versa the universal quantity rel�N�st �� �N�st/ ��N�st � �H�st�, which denotes the
relative stoichiometric nitrogen concentration in the gas mixture. It allows direct comparison of NH3 � H2 and
N2 �H2 mixtures. The results of both gas mixtures exhibit similar trends, but only for discharges in mixtures
of NH3+H2 it was possible to develop a simple model of heterogeneous surface processes that will complement
the experimental results in section 5.1.3.1.
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Figure 4.11: Dependence of amino and nitrogen surface den-
sities of PS substrates on admixture of H2 to NH3 for three
different types of plasma excitations.
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Figure 4.12: Dependence of OES intensity ratios on admixture
of H2 to NH3 for three different types of plasma excitations.
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In mixtures of N2+H2, the efficiency for amino groups, NH2/C, differs significantly for the three modesXPS data

of plasma excitation and varies with the stoichiometric nitrogen density. This is an important result which
motivated a closer investigation of the data by the help of a numerical simulation in section 5.1.3.1. For
mixtures of NH3+H2, on the other hand, the differences are less expressed. Except for the RF plasma, the
amino efficiencies of both gas mixtures are similar. For cw RF the efficiency, NH2/C, was at least 1% higher
in case of NH3+H2 than for N2+H2. For large hydrogen admixture, i.e. a small rel�N�st, NH2/C was reduced
even further. Obviously, the efficiency for amino groups must be zero for pure H2 discharges. In the case of
discharges in pure nitrogen, on the other hand, a very low amino group density resulted. The finite value may
either be explained by the experimental error of the derivatisation step, or by amino groups that were formed
directly by active nitrogen, see section 5.1.2.2.1.

The overall efficiency for all N-groups, N/C, increased to a good approximation proportional to the stoi-
chiometric nitrogen concentration in the discharge. In figure 4.11 a slope function, i.e. y � s �x, was fitted to the
in situ N/C data. The same is possible for figure 4.13, but here the data was interpolates by the amination model
of section 5.1.3.1. The density of N/C obtained in mixtures of N2+H2 was generally smaller than that obtained
in NH3+H2, e.g. about three times smaller in the case of the cw RF discharge. Consequently, the amino group
selectivity, NH2/N, was higher for discharges in N2 � H2. In RF discharges it did not exceed 60%, whereas
it approached �100 � 30�% for MW excitation. For both types of gas mixtures and all three plasma modes of
plasma excitation, the selectivity for grafting amino groups increased with admixture of H2.
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Figure 4.13: Dependence of amino and nitrogen surface den-
sities of PS substrates on admixture of H2 to N2 for three dif-
ferent types of plasma excitations. The fit to the data results
from the model in section 5.1.3.1.
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Figure 4.14: Dependence of OES intensity ratios on admixture
of H2 to N2 for three different types of plasma excitations.
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It should be noted that polymer functionalisation in a cw MW discharge yielded identical nitrogen and
amino surface densities for NH3 and a stoichiometrically equivalent gas mixture of N2�3H2, i.e. rel�N�st � 25%.

The results from optical emission of the glow of the three modes of excitation are shown in figures 4.14 andOES data

4.12. The upper three plots show the emission of Balmer HΑ, NH�A � X, 0 � 0�, and N2�C3�u � B3�g, 0 � 0�
normalised to the emission of Ar at 750.4 nm. Whereas the lower two plots give the ratios of two emission
intensities: HΑ over NH�A � X� and HΑ over N2�C � B�. Fitting of a slope function to the OES data shows how
the normalised intensities of NH�A � X� and N2�C � B� are directly proportional to the relative stoichiometric
nitrogen density. In both cases, the trends of XPS and OES data in figures b and b1/2, as well as c and c1/2,
respectively, are nicely correlated. However, due to the difficulties of deriving ground state concentrations of
particles in the plasma afterglow from OES data these correlations are not interpreted easily.

Main Results

The main discussion on probable plasma modification mechanisms will follow in section 5.1. The modelling
section 5.1.3.1 will show that plasma functionalisation with admixture of H2 to N2 may be of special importance
to the understanding of the grafting mechanisms. For mixtures of H2 and NH3, a comparably simple model
was not possible due to the complex fragmentation behaviour of NH3.

The efficiency for amino groups was best for relative stoichiometric nitrogen ratios of 25 � 50%. Whereas
the efficiency for N-groups was maximal for the lowest H2 admixture possible. A similar result was observed in
MW plasmas in N2 and NH3 by Klemberg-Sapieha et al. [118]. Comparing hydrogen-containing to hydrogen-
free discharges, the nitrogen-removing effect of atomic hydrogen becomes evident. For pulsed MW and cw RF
plasmas, the density of N/C was generally smaller in mixtures of N2+H2 than in NH3+H2 or in pure N2. This
is believed to be due to the higher yield of nitrogen-grafting species from NH3 dissociation, see section 2.1.2.
For stoichiometric equivalent mixtures NH3 and N2+3H2, on the other hand, cw MW processing performed
similarly.

The apparent proportionality of the N/C surface density to the stoichiometric nitrogen density in the gas
phase is believed to result from a combined effect of dominating nitrogen grafting and weaker nitrogen remov-
ing processes of active nitrogen species and atomic hydrogen, respectively, compare also the rightmost figure
5.2. Or, inversely spoken, the removal rate of nitrogen groups has to be rather low to explain the observed pro-
portionality. Large admixtures of H2 to N2 suppressed the grafting of non-amino groups more strongly than
for NH3+H2. The selectivity is believed to increase partially due to the higher persistence of primary amino
groups to hydrogen radical substitution reactions compared to non-amino groups, partially due to the �NH2
attachment mechanism suggested in section 5.1.2.2.1. Both effects will be discussed in section 5.1.4.

Both types of gas mixtures, NH3 and N2+H2, allowed to graft nitrogen and primary amino groups with
similar efficiency and a wide range of selectivity, especially when mixtures of N2+H2 were used. So, the
replacement of NH3 by mixtures of N2+H2 is feasible and can even lead to higher amino selectivities.

4.2.3 Variation of MW duty cycle in NH3 and N2+3H2

Many hopes for advances in plasma processing are pinned to power-modulated discharges. As was pointed out
in section 1.2.4, They in principle allow to adapt the plasma pulsing scheme to the time constant of a reaction.
This may provide a way to promote or suppress selected reaction channels.

The present section studies the surface changes that result from processing polymers in pulsed MW dis-
charges. It covers a duty cycle range from 100% (cw) to about 0.25% (0.5 ms /100 ms pulse/pause). In the
previous section it was found that discharges in NH3 and in a stoichiometric equivalent mixture of N2+3H2
perform similarly for cw MW but not for pulsed MW excitation. The question arose in which way the pro-
cesses in the discharge change when the plasma evolves from cw to a low-duty-cycle mode. The generation of
transient species during the plasma pulse and their decay in the afterglow proceed on characteristic time scales.
Increasing the duty cycle prolongs the glow or shortens the afterglow duration.

In this section a systematic MW duty cycle variation was performed in both types of gas mixtures. ForExperimental

all experiments, the total treatment duration ttot was adapted to the chosen duty cycle in a way that the effec-
tive treatment duration teff was kept constant, i.e. teff � D ttot, where D denotes the duty cycle as defined in eq.
(1.2). Treatments of low duty cycle D take longer and, in a flowing system, encounter more gas exchange of
decomposed NH3 by fresh NH3.



4.2 POLYMER FUNCTIONALISATION EXPERIMENTS 67

Modulation of the incident MW power was realised by either varying the duration of the MW pulses
keeping the pulse duration constant to 100 ms, or by varying the duration of the intermediate pauses keeping
the pulse duration constant to 1 ms. XPS and OES data in figures 4.15 to 4.18 is plotted versa the duty cycle.

4.2.3.1 Duty cycle variation in NH3
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Figure 4.15: Dependence of amino and nitrogen surface den-
sities on duty cycle of MW plasma excitation in NH3. An
effective (�) treatment time of 9.6 s was used.
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Figure 4.16: Dependence of OES intensity ratios on duty cycle
of MW plasma excitation in NH3.

Duty cycle variation of MW discharges in NH3 led to a significant variation of the nitrogen and aminoXPS data

functionalisation of polystyrene surfaces. The results are shown in figures 4.15 and 4.16. The ex situ (after
TFBA derivatisation) amino and in situ nitrogen surface densities versa duty cycle where anti-correlated. They
varied in ranges of 2�3.5% and 30�7%, respectively. The highest selectivity for primary amino groups of about
55% was achieved by the cw MW plasma. The differences between the pulse and the pause duration variation
series are small. They do not leave much room for effects coming from different lifetimes of atomic hydrogen
and active nitrogen, compare section 5.1.3.2.

Also the optical emission of different plasma species changed considerably. While the XPS and OES data inOES data

figures 4.15.a and 4.16.a as well as in figures 4.15.c and 4.16.c1 is correlated, that of figures 4.15.b and 4.16.b2

shows a clear anti-correlation. Both, the atomic hydrogen and active nitrogen density in the gas phase can in
principle be expected to increase with duty cycle. Since the N/C surface ratio does not increase with duty cycle,
the increase in (nitrogen-removing) atomic hydrogen concentration must outweigh that of (nitrogen-grafting)
active nitrogen. A probable explanation will be given in section 4.2.3.3.
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4.2.3.2 Duty cycle variation in N2+3H2
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Figure 4.17: Dependence of amino and nitrogen surface den-
sities on duty cycle of MW plasma excitation in N2 � 3H2. An
effective (�) treatment time of 9.6 s was used. The fit to the
data results from the model in section 5.1.3.2.
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Figure 4.18: Dependence of OES intensity ratios on duty cycle
of MW plasma excitation in N2 � 3H2.

For discharges in N2+3H2 only one type of duty cycle variations was performed by changing the pause duration
between pulses of 1 ms duration. The results are shown in figures 4.17 and 4.18.

For a mixture of N2+3H2 neither the grafted nitrogen density, N/C, in figure 4.17 nor the optical emissionXPS data
OES data

of N2�C � B� in figure 4.18 showed any significant variation for duty cycles between 0.3 and 100%. The amino
surface density, NH2/C, was enhanced for intermediate values of the duty cycle. The emission of HΑ showed a
similar trend. The XPS data was interpolated by the duty cycle model prediction of section 5.1.3.2. For this,
the characteristic rise and decay times of atomic hydrogen and active nitrogen, being parameters of the model,
were adapted to the measured data.

4.2.3.3 Main Results

For discharges in N2+3H2, the density of nitrogen groups was found to be quite independent of the duty cycle.
Contrary to the findings in N2+3H2, in experiments using NH3 large variations in the surface modification
were obtained. These are believed to be caused by the progressing decomposition of NH3 that proceeds with the
efficient treatment duration, whereas gas exchange with fresh NH3 proceeds with the total treatment duration,
see section 5.2.2.

To elucidate the underlying mechanisms in pulsed plasmas, section 5.1.3.2 develops a simple model for the



4.2 POLYMER FUNCTIONALISATION EXPERIMENTS 69

creation and decay of transient species in the gas phase. The model adapts characteristic rise and decay times of
atomic hydrogen and active nitrogen to the measured data. Due to the complexity of the NH3 decomposition
process, the model is only applicable to mixtures of N2+H2, not to NH3.

Analogue experiments have been performed by Creatore et al. in references [130, 187] in pulsed RF-excited
discharges in NH3. The authors studied surface modification of polyethylene by modulated RF excitation in
a parallel plate reactor. The RF power of the pulse was varied between 10 and 50 W. Variations of the pause
durations between plasma pulses of a constant duration of 7 ms were shown to affect the nitrogen grafting
efficiencies and amino selectivities of/for amino groups. The authors reported nitrogen efficiencies of up to
N/C � 10% and amino selectivities of up to NH2/N � 60%.

4.2.4 Variation of sample-to-plasma distance in NH3
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Figure 4.19: Dependence of amino and nitrogen surface den-
sities on distance between MW plasma glow and PS substrate
surface.
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Figure 4.20: Dependence of amino and nitrogen surface den-
sities on distance between RF plasma glow and PS substrate
surface.

Although anisothermal plasmas have a reduced enthalpy of the heavy particles, thermal damage of processed
polymers cannot generally be excluded. Polystyrene disks placed in the glow of a cw MW plasma were found
to start melting after 20 s at about 50 Pa NH3 pressure, see also section 4.6. The heat transfer to the substrate
can be significantly reduced if a sample is placed in the plasma afterglow. This rises the question of the optimal
distance between sample and plasma glow for polymer functionalisation. Also from a more fundamental point-
of-view a study of the effects of a sample-to-plasma distance variation is of interest: It may help to elucidate the
physics and chemistry in the spatial afterglow just like a duty cycle variation in the temporal afterglow. The
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processes of the temporal and spatial afterglow are governed by similar principles and are substantially different
from that in the glow. The plasma glow is maintained far from thermal equilibrium by permanent power
injection. Excitation, ionisation and dissociation, dominate over recombination processes. In the afterglow
the system evolves towards equilibrium, and dissociation processes are only powered by the energy released in
relaxation and recombination.

Figures 4.19 and 4.20 both compare glow and afterglow plasma functionalisation of polystyrene in pureExperimental

NH3. Figure 4.19 shows results of sample-to-plasma variations in MW-excited plasmas, whereas figure 4.20
shows results of RF-excited plasmas. For the MW plasma treatments, the distance to the plasma glow, located
below the power coupling window on top the reactor vessel, was increased by lowering the substrate table. For
the RF plasma treatments, the distance variation was limited. The sample was lifted by ceramic needles by
about 5 cm above the substrate table, which was immersed into the glow.

For cw MW excitation, the efficiency for primary amino groups, NH2/C, was practically independent of thecw MW
excitation

distance but collapsed in the case of cw remote processing at 36 cm. This is caused by the small total N/C ratio
of around 1.5%, which, of course, also limited the NH2/N ratio. The surface density of N/C obtained by the cw
MW steadily decreased with distance. Consequently, for cw MW plasma excitation, the selectivity for amino
groups, NH2/N, increased with distance between glow and polymer surface.

For the pulsed MW plasma process the grafted NH2/C ratio was again independent of the distance but onpulsed MW
excitation

a level about 1% lower. The N/C density, on the other hand, showed a complicated behaviour. As was pointed
out in section 3.1.2.2.1, the ignition probability and, especially, the probability to ignite in surface-wave mode
depends on the MW-matching of the reactor. Since the reactor cavity geometry changes with the location of the
substrate table, the ignition behaviour may not have been constant for all sample-to-plasma distances studied
in this experiment.

The RF plasma processes in NH3 generated anti-correlated NH2/C and N/C densities. The latter behavedcw RF
excitation

like for a cw MW plasma: It decreased in the afterglow. Whereas the former, the efficiency for amino groups
NH2/C, could be enhanced by about one percent.

Main Results

In case of cw plasma treatments, the observed dependencies of the polymer surface functionalisation on the
plasma-to-surface distance must be a consequence of recombination processes occurring in the spatial afterglow,
compare also section 2.1. As a general trend, the overall nitrogen surface density decreased with increasing
distance. In cw MW processes, the amino density was quasi constant. Whereas it increased in cw RF remote
processing. This increase has already been observed by Favia et al. [1] who attributed it to a reduced ion impact
on a substrate in the RF afterglow, which may better preserve primary amino functionalities.

For pulsed MW plasma excitation the situation is more involved. Effects of recombination processes cannot
be separated from the imponderabilites of the plasma ignition.

The observed decrease of the nitrogen incorporation for constant amino density by the cw plasmas can
be explained if atomic hydrogen is longer-living than nitrogen-grafting species. With increasing distance
etching of N-groups could then become more efficient than grafting. Alternatively, superelastic collisions of
vibrationally excited N2 may sustain H2 dissociation in the spatial or temporal afterglow, thus inducing an
excess of nitrogen-etching species over nitrogen-grafting ones. The lifetime of excited species in the gas phase
at low pressures is mainly governed by diffusion to the walls where more or less efficient recombination occurs.
It determines, together with the shape of the source, the spatial profile (and gradient) of the species. The wall
recombination coefficients were reviewed in section 2.2.3. If the role of metastable N2 and NHx in grafting
nitrogen functionalities is neglected, the problem can be discussed on a simplified niveau. For atomic hydrogen
and atomic nitrogen the wall recombination rates are in the same order of magnitude. However, diffusion of
atomic nitrogen must be slower due to its larger mass. So, from a physical and chemisorption point-of-view, the
opposite would follow of what was suggested above, the range of atomic nitrogen should exceed that of atomic
hydrogen. But the problem is more complex since, the high chemical reactivity of atomic nitrogen should lead
to a stronger reduction in gas phase collisions. And, last, not least, due to the stoichiometric excess of hydrogen
in the discharge, reactions of atomic nitrogen or hydrogen should, on average, release more H than N. So, the
suggested explanation by longer-living atomic hydrogen than active nitrogen is not easily dropped out of the
race, especially since also the results of the duty cycle model in section 5.1.3.2 point into this direction.
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4.2.5 Variation of gas pressure in NH3

The process pressure is an important parameter which directly affects many physical and chemical properties
of a discharge. Even in the low pressure region, a change of an order of magnitude may have large effects. If
sufficient power is provided, to the plasma the concentrations of transient particles in the gas phase may be
greatly enhanced. But also reaction probabilities in the gas phase increase with pressure and may shift the
reaction balance. For polymer treatments at higher pressures, however, the enthalpy transfer to the substrate
may more easily exceed tolerable values.

The surface composition of polystyrene samples after plasma functionalisation is shown in figure 4.21. It isExperimental

accompanied by optical emission data of the plasma glow in figure 4.22.
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Figure 4.21: Dependence of amino and nitrogen surface den-
sities of polystyrene substrates on process pressure.
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Figure 4.22: Dependence of OES intensity ratios on process
pressure.

The nitrogen incorporation decreased for increasing discharge pressures, while the amino group densityXPS data

remained at a constant high level(3).

The trends of OES emission are not very clear. The emission of NH�A � X� normalised to that of Ar inOES data

figure 4.22.b1 decreases with pressure for both plasma modes. It correlates to the findings of in figure 4.21.b.
The other trends do not correlate well.

(3)The amino groups could likewise decrease from 3% � x to 3%, but higher amino densities than about 3% cannot be detected as
mentioned in section 3.4.2.3.
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Main Results

The rightmost data point at 100 Pa in figure 4.21 has the maximum amino selectivity of 100% combined with a
high efficiency NH2/C of 3%. This is the best result for efficient and selective grafting of amino groups that was
achieved in this work. The process appears more suited for practical applications than the ultra-short treatment
of similar performance in section 4.2.1. However, a study of the pressure dependence of a cw MW plasma in
NH3 in a fine vacuum reactor in reference [211] did not produce a comparable trend, see section 4.2.6.1.

TALIF measurements in NH3 discharges, which were reported in figure 4.1, observed an absolute increase
of atomic hydrogen with pressure. The grafting of amino and other nitrogen groups critically depends on the
gas phase concentration of nitrogen species. Although the concentration of nitrogen grafting species has not
been measured, the decrease of the N/C density with pressure is likely to be primarily due to etching by an
excess of atomic hydrogen over nitrogen-grafting species.

4.2.6 Effects of oxygen impurities on surface functionalisation

The presence of oxygen-containing species, e.g. oxy- XPS 1ms
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Figure 4.23: Anti-correlation
of the in situ N/C ratio on PS,
treated by a pulsed MW dis-
charge in NH3, and oxygen
contamination with respect to
the in situ O/C ratio.

gen or water, is known to have a malign influence
on the amino and nitrogen functionalisation of poly-
mers. They may destroy either nitrogen-grafting
species in the gas phase via reactions producing NOx,
or destroy already grafted nitrogen functionalities by
oxidising them. In addition they may etch the poly-
mer surface via creation of COx and OHx, x � 1, 2.

The oxygen contamination of a plasma processSources
of oxygen

may have different sources. It can originate from
low-purified processing gases, from a degassing sub-
strate that was not sufficiently long stored in vac-
uum, from a bad vacuum sealing, and from species
adsorbed to the sample or the chamber walls, in par-
ticular water. Foerch et al. [117], for instance, showed that the reactor’s base pressure before the start of a plasma
process crucially determines the amount of nitrogen being incorporated into a polymer surface. In their setup,
the highest nitrogen density of N/C � 18% on polyethylene was obtained after 20 s in a remote MW plasma
in nitrogen for base pressures of 10�6 Pa. This value dropped to 11% and 8% for a base pressure of 10�4 Pa
and 10�3 Pa, respectively. They concluded that this effect is due to the greater number of contaminating and
scavenging molecules, like air, water, and small hydrocarbons, that are adsorbed on the polymer surface and
the reactor walls. Holländer et al. [119] contributed another detail to the discussion. The authors compared a
remote RF plasma treatment of PE in nitrogen to a treatment in a mixture of hydrogen and nitrogen. In the first
case they incorporated 3% nitrogen and 13% oxygen, in the latter case they found a decrease both in nitrogen
(to 1%) and in oxygen (to 6%) surface functionalities. This removal of nitrogen and oxygen functionalities by
hydrogen is also topic of sections 2.2.2.1 and 4.5.

4.2.6.1 Comparison of the UHV system to a FV reactor

In collaboration with St. Strehle [211], the surface functionalisations of polystyrene in two different classes of
plasma reactors were compared. The first was the UHV reactor system with its load lock for loading samples,
used throughout this work. The second was a customer-specific version of the V55G fine vacuum (FV) plasma
reactor by PLASMA-finish, Germany. The reaction vessel is an aluminium cube with a volume comparable to
that of the ultra high vacuum (UHV) vessel. As before, the microwave plasma source is located on top of the
chamber. It uses a parabolic microwave field reflector to generate a large-area planar microwave plasma below
the coupling window. The main difference between the two plasma systems is their level of contamination. The
low-pressure plasma processor is o-ring-sealed and equipped with a roots pump. Therefore the base pressure of
the vessel reaches 10 Pa only, i.e. 5 orders in magnitude worse than that of the UHV system, see section 3.1.1.
In addition, substrates are loaded into the reaction chamber via a large front door, not via a load lock like in the
UHV system. Thus the recipient is vented for each substrate transfer.

Polystyrene samples were functionalised in the two reactors in NH3 under similar processing conditions
in pulsed MW and cw RF plasmas. Results are given in figure 4.24. The density of incorporated nitrogen,
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Figure 4.24: Comparison of the amino- and nitrogen surface functionalisation of polystyrene obtained by two different reaction environ-
ments. The ultra high vacuum (UHV) reactor used throughout this work performs significantly better than the fine vacuum (FV) plasma
reactor of reference [211]. The data of the UHV reactor in the right plot was already presented in section 4.2.1.

N/C, surpassed 25% in the UHV system. Whereas it was about 8% only in the fine vacuum reactor. The the
density of amino groups, NH2/C, was about 0.5% smaller for longer treatment durations. For durations below
1 s however, the plasma process in the fine vacuum reactor failed completely.

4.2.6.2 Anticorrelation of oxygen and nitrogen grafting

The possibility to perform quasi in situ XPS analysis in the UHV reactor system allowed to show that the
presence of an oxygen contamination of the plasma can be traced by the in situ O/C density of the surface after
the process. By selecting those samples that were functionalised during 9.6 s in a pulsed MW plasma of 1 ms
pulse length at 1% duty cycle in 11 Pa NH3, it was possible to show that a reduced nitrogen incorporation goes
hand-in-hand with an enhanced oxygen content of the polymer surface. This anti-correlation is presented in
figure 4.23. The presented data comprises three types of reactor conditions. The first group of samples with an
in situ oxygen content of O/C < 1.5% were produced in an extremely clean UHV reactor. Prior to processing,
the reactor was extensively cleaned for several hours by a MW plasma in hydrogen. Those samples have a very
high in situ N/C density of about �37�3�%. Unfortunately, this low oxygen has not been reached during normal
operation of the reactor. Therefore these samples have not been included in the presentation of experimental
results in chapter 4. The second group with a N/C ratio of �22 � 2�% exhibits an oxygen content between
1.5 � 4%, while the in situ O/C ratio of third group of samples lies above 4%. Glass disks that were put on
neighbouring polymer substrates for UV/VUV-protection, according to section 4.6.2, were responsible for this
high oxygen contamination. The glass was not sufficiently cleaned prior to usage and, consequently, reduced
the N/C density below �17�2�%. In figure 4.41 a better-cleaned one was used so the oxygen contamination was
lower.

A solution to the oxygen problem in the UHV system proved to be a strict hygiene that used separate
reactors for oxygen-free and oxygen-containing processes. Alternatively, oxygen impurities can be gettered by
borane or lithium hydride. Both substances require very high safety standards but were very efficient in keeping
oxygen in fusion devices at very low levels.
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4.3 Comparison of Various Polymers
Plasma processing of polymers allows to functionalise only the first molecular layers of the surface, preserving
the bulk properties of the material. Recapitulating the efficient amino and nitrogen functionalisation processes
on polystyrene which were developed in this work, the question naturally arises whether similar results may
be achieved on alternative polymer materials. This would allow to combine their specific bulk properties with
selected surface properties. Therefore, a plasma process that resulted in a high efficiency both for amino and
non-amino nitrogen functional groups on polystyrene was applied to 7 more unfluorinated polymer types.

Three of the 8 compared polymers, see table 1.4, were oxygen free in their chemical structure: PS, HD-PE,
and TPX. The others contained oxygen: PC, PEEK, PEN, PET, and PMMA. The oxygen-free samples were
modified separately from the oxygen-containing ones. Both charges were treated by a pulsed MW plasma in
NH3 of 1 ms pulse and 100 ms pause length and 9.6 s effective duration at �11 � 1�Pa. All polymer types were
functionalised with comparable quality. The efficiency for primary amino groups ranged from 2 � 3%, whereas
that for nitrogen groups ranged from 22 � 30% in situ, see figure 4.25. The only remarkable deviation of the
general functionalisation trend showed TPX, which lost 64% of its N/C density on contact to the air.
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Figure 4.25: Comparison of amino and nitrogen densities on various polymers after functionalisa-
tion by a pulsed MW plasma in NH3. Aromatic polymers are marked by a ..

Main Results

All polymers could be functionalised with a satisfactory efficiency. No systematic functionalisation trend could
be identified by comparing oxygen-free to oxygen-containing polymers, and aliphatic to aromatic ones. The
upper limit of 3 � 4% amino groups, which was observed in all previous experiments on polystyrene, was
not surpassed. It can be concluded that this upper limit is not caused by the specific chemical structure of
polystyrene. It is believed to be a problem of the detection method used for amino groups, see section 5.1.1.

Most importantly, this experimental series demonstrates the universality of the plasma functionalisation
process in applications to unfluorinated polymer surfaces. Quasi independently of the polymer structure, sim-
ilar functionalisations of high quality could be obtained. This opens the door to many novel applications for
standard polymer materials, including high-end biomaterials [212]. The experiments demonstrate that plasma
functionalisation processes can have clear advantages over wet-chemical reactions. The latter would, in contrast
to plasma processing, generally require different reagents and solvents for different types of polymers.

The universality of the developed plasma process suggests the idea of an unified polymer surface and un-
derlines the importance of the role hydrogen plays for the process. A plasma containing hydrogen and nitrogen
modifies a surface in a concurrent incorporation and removal of functional groups by nitrogen-containing species
and atomic hydrogen, respectively. Atomic hydrogen, together with its VUV radiation, creates active reaction
sites, breaks the polymer chain, and opens aromatic rings. Also crosslinking may result. Aliphatic and aromatic,
as well as oxygen-free and oxygen-containing polymer surfaces should become more and more alike during the
process. After some time, an unified surface results, which is functionalised but may have lost its original
characteristic structure.
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4.4 Durability of Functionalisation
For practical applications of surface-functionalised substrates, it is very important to know the temporal stability
of the functional groups that were grafted by plasma processing. Section 2.3.1 discussed possible causes for a
loss of surface functionalisation. The present section studies changes of the surface functionalisation at the first
contact to the atmosphere.

4.4.1 Rapid chemical changes on air contact

Exposing plasma-treated polymer samples to the atmosphere led to a rapid decrease of nitrogen functional
groups accompanied by an incorporation of oxygen. The changes were observed to occur within less than half
an hour of air contact. The actual rate on this short time scale, however, was not determined. Slower surface
changes are subject of the next subsection.

Figure 4.26 presents the in situ versa ex situ (after TFBA derivatisation) N/C surface density of polystyrenePost-process
nitrogen loss

samples that were plasma-functionalised in nitrogen-containing plasmas under various conditions. On average,
the nitrogen content of the surfaces was reduced on air contact by about 27% to 0.73�0.03 of its original value.

The oxygen content of untreated polystyrene was about O/C � �2.0�1.0�%. Whereas polystyrene, subjectedPost-process
oxidation

to a functionalisation process in nitrogen-containing discharges, showed considerable post-process oxidation an
exposure to air. The results of XPS analysis of samples functionalised in this work are shown in figure 4.28.
The amount of oxygen incorporation already during to the plasma process can be determined from the in situ
oxygen content. It was only about �0.5 � 1.5�% on average, compared to untreated samples. This certifies the
clean processing conditions. Post-process oxidation, on the other hand, on average added another �7.1 � 2.2�%
to the O/C ratio, as the ex situ (after TFBA derivatisation) value in figure 4.28 shows. Two basic mechanisms
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Figure 4.26: The comparison of the in
and ex situ (TFBA) nitrogen content of
55 polystyrene samples that were func-
tionalised under various plasma condi-
tions reveals a significant loss of N-
containing groups after contact to the
atmosphere.
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Figure 4.27: Plot of the ex situ (af-
ter TFBA derivatisation) oxygen surface
density versa the in situ nitrogen density
of 55 polystyrene samples functionalised
under different conditions in nitrogen-
containing plasmas. Post-process oxida-
tion is practically independent of the ni-
trogen surface density.
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Figure 4.28: Comparison of the in and
ex situ (TFBA) oxygen surface density
of 55 polystyrene samples functionalised
under different conditions in nitrogen-
containing plasmas. The in situ mean
value is �2.5 � 1.5�%. The ex situ (af-
ter TFBA derivatisation) mean is �9.1 �
2.2�%.

of post-process oxidation, autoxidation and oxidation of functional groups, were discussed in section 2.3.3.3
and section 2.3.2, respectively. Foerch et al. [117] suggested that hydrolysis of primary imines by atmospheric
water to ketones and ammonia may be responsible for fast post-process oxygen incorporation accompanied by
loss of nitrogen, see section 2.3.2. This reaction removes one nitrogen atom for each added oxygen atom.
However, while the nitrogen loss is proportional, see figure 4.26, to the incorporated amount of nitrogen, the
oxygen increase is not, as can be seen in figure 4.27. Hence, the present data does not support the assumption
that the suggested fast mechanism of Foerch et al. dominates post-oxidation. Inner-molecular autoxidation by
surface radicals is a more probable candidate mechanism, see section 2.3.3.3.
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4.4.2 Temporal development during storage on air

The durability of surface functional groups was investigated for
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Figure 4.29: Development of amino, nitrogen, and
oxygen surface densities of polystyrene substrates re-
sulting from a cw MW plasma treatment in NH3
during storage on air.

a charge of 6 polystyrene samples that was subjected to the a
pulsed MW plasma treatment of 9.6 s duration and 1 ms pulse
length at 1% duty cycle in 11 Pa NH3. The in situ nitrogen
density, N/C, grafted by this treatment was �33 � 3�%.

The functionalised samples of the charge were derivated
with TFBA after 4, 28, 52, 76, 172, and 340 hours of stor-
age on air. About two hours later they were loaded to the
reactor system’s load lock and evacuated. Both, the derivated
and underivated samples, were then analysed by XPS. The re-
sults are presented in figure 4.29. They reveal a steady decay
of amino functional groups on air with an exponential decay
time of 16.2 � 5.5 days. After an initial loss of about 25%,
the density of nitrogen functionalities, N/C, remained constant
at (22.0 � 0.3)% within the error interval. The loss of about 2%

primary amino groups is not significant with respect to the den-
sity of all nitrogen groups. So it cannot be concluded from this
experiment whether the reaction with air removes amino groups
off the surface or transforms them to nitrogen-oxygen function-
alities, like oximes, amides, or nitroso compounds.

The oxygen content of the surface is shown twice. For the
first two data points of the ex situ (after TFBA derivatisation)
measurement, oxygen density exceeds that of the ex situ data.
The oxygen functionalities increased from initially 6 at.% ex situ
by 2 at.%, and then further with a rate of 4 at.% in 27 days.

Comparable experiments on the decay of nitrogen groups
were performed by Gengenbach et al. [129] for perfluorinated
polymers. The authors observed a rapid initial loss of nitrogen
groups of about 23% of the initial value followed by a slower
decay of another 25% within 300 days. Also Foerch et al. [117]
studied the change in nitrogen and oxygen functionalities on
plasma-treated polyethylene with storage time. On exposure to
the atmosphere they likewise observed a fast initial loss of about
25% of the nitrogen groups, starting from 8 at.% in situ. This
decay was followed by a slower one of 1 at.% in 27 days. These values are compatible to the results of this work
reported in the previous section 4.4.1. The decay of primary amino groups can be attributed to formation of
amides [1].

As figure 4.29.d reveals, the derivatisation reaction with TFBA, which was performed at an elevated tem-
perature of 45�C, accelerates but finally not enhances the oxidation of the surface.

4.4.3 Angle-resolved XPS measurements

The first and last XPS measurements of the time series in the previous subsection were performed in angle-
resolved mode. The resulting data was evaluated by the method developed in section 3.4.1.4. The reconstruction
allowed to estimate the depth profile of oxygen and nitrogen functional groups, as well as the fluorine depth
profile of the surface resulting from TFBA derivatisation. As figures 4.30 and 4.31 show, the profiles of the
oxygen and overall nitrogen surface density do not change significantly within the storage time of 14 days. A
reduction of nitrogen functionalisation depth with storage time, as indicated by the second figure, is believed
to be more probably caused by data fluctuations than physics. The opposite was expected due to possible
rotation of functional groups into the bulk, see section 2.3.1. With respect to fluorine, there are two important
observations: Firstly, the second measurement shows a drastically reduced amplitude of the profile. Its depth
did not change. The maximum of the fluorine density is located at the surface of the polymer. After 14 days
it has decreased stronger than the tail of the distribution. Heuristically, this could be interpreted as a hint for
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Figure 4.30: Results of the regularisation method described in section 3.4.1.4 of angle-dependent XPS data of plasma-
functionalised polystyrene derivated by TFBA taken after about 6 hours of storage time on air.
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Figure 4.31: Sample identically treated to the one in figure 4.30 but derivated and measured after 14 days of storage
time on air.

a stronger decay of amino groups close to the surface. Secondly, the observed depth of the fluorine profile is
significantly shallower than that of nitrogen and oxygen. As already discussed in section 3.4.2.3, the fluorine
profile not necessarily represents the profile of amino groups. It may be restricted in depth by a limited diffusion
range of the gas phase derivatisation reaction. So, the reconstructed fluorine profile not necessarily corresponds
to the primary amino profile. The true amino profile may range between the depth of the determined fluorine
profile and that of all nitrogen groups.

4.4.4 Main results

The change of surface functionalities proceeds on two differ- Standard Depth profile
XPS at averaged over

Ratio Θ � 8.5� 3 nm 1 nm

O/C 21.2% 30.1% 73.9%

1s
t

da
y

N/C 21.1% 29.2% 44.7%

NH2/C 3.3% 4.4% 11.1%. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
O/C 21.8% 30.9% 61.8%

14
th

da
y

N/C 20.5% 25.0% 41.0%

NH2/C 1.1% 1.5% 4.5%

Table 4.3: Surface densities by three different methods.
The first column was determined by standard XPS, for the
other two the density profiles in figure 4.30 and 4.31 from
angle-resolved XPS were averaged over different depths.

ent time scales. A fast one, which occurs faster than within
half an hour of air contact, and a slower one with a charac-
teristic time in the order of 14 days. It was neither possi-
ble to disentangle and identify oxidation and nitrogen loss
processes, nor to determine their reaction speed. Of three
possible causes for post-process oxidation or nitrogen loss,
nitrogen group oxidation, radical site oxidation, and func-
tional group motility, the first two should proceed on faster
time scales than the last one. The radical site oxidation gives
rise to autoxidation of the polymer. According to Holländer
[144], on contact to the atmosphere each surface radical, on
average, give rise to a fast incorporation of about 5 oxygen
atoms.

Since no better surface analysis techniques for amino groups is available at present, the question whether
the actual profile of amino groups ranges deeper than the fluorine profile cannot be answered.

Table 4.3 confronts surface densities obtained by standard XPS with two deviating surface densities that
were calculated from the density profile that was determined by angle-resolved XPS. The calculation averaged
the element depth profile over fewer multiples of Λ, the inelastic mean free path, than XPS at a takeoff angle
Θ � 8.5� intrinsically does. The resulting average surface densities include less carbon signal and lead to higher
estimates for the surface density. Unless the choice of the averaging depth can be motivated by its relevance for
a specific application of the analysed surface, the decision on an appropriate averaging depth has to be left open.



78 4 RESULTS

4.5 Polymer Passivation Experiments
While plasma functionalisation incorporates new functional groups into a surface, the term plasma passivation is
used for a process that removes surface functional groups and replaces them by chemically less inert ones, for
instance hydrogen or methyl groups. This gives a functionalised polymer its chemically neutral character back.
Obviously, methyl or hydrogen radicals should be ideal species to perform surface passivation. When methyl
radicals are used, polymer deposition can be expected to occur. Therefore, hydrogen atoms appear better suited.
Due to their chemical reactiveness, hydrogen radicals are capable of etching a broad variety of functional groups,
especially those containing oxygen and nitrogen, see also section 2.2.2.1. Unfortunately, saturation of radical
sites of the polymer created by radical abstraction reactions of hydrogen atoms cannot be generally assured. This
may give rise to post-process reactions as described in section 2.3.3.

In this work, the passivation process developed by Keller [54] was transferred from the quartz dome reactor
used by Keller to the UHV reactor system of the present work.
An example of a passivation of a plasma-modified

  O/C in situ: decay with τ=50 s  to 5.2%
  O/C ex situ: decay with τ=63 s  to 11.4%
  N/C in situ: decay with τ=139 s  to 0.7%
  N/C ex situ: decay with τ=139 s  to 0.4%
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Figure 4.32: PRIMARIATM, a commercial tissue culture material
equipped with nitrogen and oxygen functionalities was passivated in
a MW plasma in hydrogen/argon (1/4) at 50 Pa with 37 cm distance
to the glow. The in situ XPS results show an exponential removal of
surface functionalities with treatment duration. The ex situ increase of
around 6% in oxygen content is due to autoxidation, see sec.2.3.3.3.

polymer surface is shown in figure 4.32. The N-
containing functional groups were efficiently re-
moved. The oxygen content of the surface was not
fully eliminated and even increased for longer treat-
ment times. This is related to a problem of (high
density) hydrogen plasmas in reactors containing
quartz and may occur in other plasma reactors as
well. The incorporation of oxygen was caused by
etching of the microwave coupling window made
of quartz in reactions of the form SiO2�s� � �y �
2z�H

.
�g� � SiHy�g� � 2HzO�g�, y !1,2,3,4", z !1,2", which

transform quartz to volatile compounds [213].
These may react with the polymer surface being pas-
sivated and incorporate silicon and oxygen. The silicon
was detected by XPS. A solution to the problem may
be to avoid heating of the quartz. From literature it
is known that etching of quartz depends on substrate
temperature. The active plasma zone should either be kept away from the quartz or the average power of the dis-
charge should be reduced. Alternative dielectric materials for coupling microwaves are rare. Al2O3, for instance,
is quite expensive and has a higher dielectric permittivity than quartz, which influences wave propagation be-
haviour [214]. Another solution may be a diamond-like coating on the window, which could withstand etching
by hydrogen.

4.5.1 Test of selective etching

The mechanism of selective etching was suggested by Favia et al. in reference [1]. It is a hypothetical chemical
reduction of nitrogen functionalities by atomic hydrogen addition. This process could convert, for instance,
tertiary amino groups to secondary ones, secondary to primary ones. Primary amino groups could be reduced
to volatile NH3, see section 5.1.2.2.1. To study the hypothesis of selective etching in the present work, six
nitrated polystyrene surface were subjected to a hydrogen plasma passivation process of different durations. The
XPS results of plasma passivation are shown in figure 4.33. The overall nitrogen surface density, N/C, was
drastically reduced within 7.5 s from 36% to about one tenth of the initial value. An exponential fit gave a
characteristic decay time of about �2 � 1� s for the employed plasma conditions.

The density of primary amine groups, NH2/C, on the other hand, showed neither any significant decrease
nor increase within the studied passivation duration. This was accounted for in the exponential fit of N/C by
assuming an offset of 1.5%. An exponential fit of NH2/C just gave a very rough prediction for the decay time.
It appears to be at least an order of magnitude slower than that of N/C. The small increase of NH2/C after 2 s
treatment time could be an indication of the suggested conversion mechanism. However, it is fully compatible
with fluctuations of the data within the experimental error and cannot be considered significant.
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Figure 4.33: XPS data showing selective removal of nitrogen
functional groups off a polystyrene surface by a hydrogen plasma
passivation. In a first plasma step polystyrene samples were
equipped with about 35% nitrogen groups and 1.5% amino groups
in the glow of a NH3 pulsed MW plasma. In a subsequent step the
samples were passivated in the same reactor in a H2 pulsed MW
plasma.
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Main Results

Non-amino functional groups, including oxygen groups, were removed by a remote hydrogen plasma at a
rate which exceeded that of amino group removal by at least an order of magnitude. The quasi constant
surface density of primary amino groups is an interesting observation which requires a more detailed discussion.
Unfortunately, this experimental series was not extended to longer passivation durations, which would have
allowed to determine the removal behaviour of �NH2 more accurately.

It is unlikely that the quasi constant amino density is predominantly caused by the following combined
effect: Conversion of non-amino groups by atomic hydrogen addition to �NH2 groups incidentally compensates
the loss of amino groups by conversion of �NH2 to NH3. The first conversion rate should be proportional to
the nitrogen density on the surface, the second to that of primary amino groups. Since the N/C ratio drastically
decreases, the observed balance cannot be established. In addition, a conversion of non-amino groups to primary
amino groups could not directly be proven in this experiment, since no absolute increase of the amino group
density was observed(4). The same holds for the data in reference [1]. Both arguments are against the suggested
selective etching mechanism.

The alternative scenario of fragmentation-affected selective etching, which will be introduced in section 5.1.2.2.2,
appears to provide a better explanation for the current data. It points out that the nitrogen loss probability under
hydrogen radical attack is higher than the conversion probability of non-amino nitrogen groups to primary
amino groups. The primary amino groups are considered to be stabilised by their high bond polarity.

4.6 Damageability of Polymers
A plasma may damage polymers by enthalpy transfer. It occurs via numerous channels: Radiation, particles
of high kinetic energy, recombination heat of radical species, vibrational excited species etc. Excessive heating
of a polymer surface may lead to thermal damage by breaking of inner-molecular bond, melting, convective
movement in the molten phase, and evaporation of the polymer. Polystyrene disks that were treated in the
plasma glow of a hydrogen-containing MW plasma at �11 � 1�Pa at �550 � 100�W in the UHV reactor started
to curl after about 20 s of cw processing. Afterglow positioning reduced the heat flux considerably, 9 cm below
the glow treatment durations beyond 100 s became possible. Alternatively, pulsed plasma excitation gives the
heat extra time to dissipate, the smaller the duty cycle, the longer a glow treatment may last.

Damage caused by photodissociative radiation and chemically reactive species, on the other hand, includes
bond scission and destruction of aromatic rings. Post-oxidation processes were studied in section 4.4.1. Whereas
this section discusses the effect of VUV radiation and radicals on the phenyl rings of aromatic polymers. It is a
special form of surface damage, which can be easily monitored by XPS.

(4)A density NH2/C � 1.5% is well below the maximum observed surface density of 3�4%. The experiment should therefore be sensitive
to a possible conversion of N-groups to �NH2.
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4.6.1 Destruction of phenyl rings in aromatic polymers

The density of aromatic rings has been used to investigate a special form of change of the surface structure cased
by the plasma. According to section 3.4.1.1, the ratio of the Π � Π� shake up peak area to that of the main
C�C XPS peak represents the surface density of phenyl rings in aromatic polymers. The signal from a Π � Π�

transitions disappears as soon as the symmetry of the phenyl ring is destroyed. This may happen for hydration or
bond rupture. The measured density of phenyl rings on virgin polystyrene was 4.8 � 0.5%. This section studies
how RF and MW discharges in different gases affect the integrity of phenyl rings in a polystyrene surface.

4.6.1.1 Variation of treatment duration, duty cycle, and gas mixture

The data presented here results of experiments on polymer functionalisation reported in section 4.2.
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Figure 4.34: Dependence of the �Π � Π��/C shake-up signal from
a plasma-treated PS surface on treatment duration in three differ-
ent types of plasmas.
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Figure 4.35: Dependence of the �Π � Π��/C shake-up signal from
a plasma-treated PS surface on duty cycle. A fixed pause length of
100 ms was used in MW and RF plasma.

For plasma processing in pure NH3, the aromatic ring density of a polystyrene surface developed with theDependence on
treatment
duration effective treatment duration as shown in figure 4.34. The cw MW plasma led to a steady decrease of aromatic

rings from �4.8 � 0.5�%, shown as leftmost data point, down to 1% after 10 s treatment duration. Whereas for
the pulsed MW plasma the density stayed, after fast initial decrease �Π � Π��/C, well above 2.5%. The reduction
by cw RF plasmas, likewise, was considerably smaller than by cw MW. It was similar to that of the pulsed MW
plasma: The �Π � Π��/C ratio remained well above 3% during more than 1000 s treatment duration.

For equal effective treatment durations teff � D ttot in pure NH3 the reduction of aromatic ring densityDependence on
duty cycle

progressed with increasing duty cycle D but identical effective treatment durations, as figure 4.35 reveals. For
very small duty cycles below 1% the phenyl rings of polystyrene were nearly completely preserved, although

X
P

S � cw MW
�550 � 100�W 9 cm Afterglow 9.6 s

�11 � 1�Pa
� 1ms

Æ
100ms MW [H2]:[NH3]

� cw RF �20 � 5�W Glow 80 s var : var

0 5 10 15 20 25
0

1

2

3

4

5

6
  for cw MW*π - π in situ

  for pulsed MW*π - π in situ

  for cw RF*π - π in situ

  for cw MW*π - π in situ

  for pulsed MW*π - π in situ

  for cw RF*π - π in situ

  for cw MW*π - π in situ

  for pulsed MW*π - π in situ

  for cw RF*π - π in situ

Su
rf

ac
e 

de
ns

it
y 

in
 %

Su
rf

ac
e 

de
ns

it
y 

in
 %

H2+NH3 gas flow: stoichiometric [H]/[N] ratio in 1

Figure 4.36: Dependence of the
�Π � Π��/C shake-up signal from a plasma-
treated PS surface on H2 admixture to
NH3 in three different types of plasmas.
The �Π � Π��/C ratio is a measure for the
surface density of phenyl rings.
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Figure 4.37: Dependence of the
�Π � Π��/C shake-up signal from a plasma-
treated PS surface on H2 admixture to
N2. A fixed pause length of 100 ms was
used in MW and RF plasma.
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very large amounts of nitrogen were incorporated into the surface, see figure 4.15. Nitriding of the ring does
not appear to give rise to destruction of phenyl rings.

For an increasing relative H2 gas concentration, all curves in figures 4.36 to 4.38 exhibit the same trend ofDependence on
H2 admixture to

NH3, N2 and O2 a decreasing �Π � Π��/C density. Like in figure 4.34, the cw RF plasma does less damage than the pulsed and
the cw MW plasmas. During surface processing in pure nitrogen (figure 4.37) and pure oxygen (figure 4.38)
discharges the aromatic ring remained practically intact. Nitriding and oxidation of phenyl rings in pure N2 or
O2 showed to be far less efficient in reducing the Π � Π� signal than hydration by hydrogen-containing plasmas,
although the overall surface density of nitrogen or oxygen on the polymer exceeded 25%.

Main Results

The plasmas processes under study affected the integrity of phenyl rings in polystyrene differently. The damage
caused by a remote cw MW plasma was stronger than by the glow of a cw RF plasma. The destructive effect
due to ion bombardment in a RF plasma with a self bias voltage of about 60 V was weaker than by the high
atomic hydrogen concentration in the more powerful cw MW plasma. Under the investigated conditions, the
comparatively high density of atomic hydrogen in MW discharges hydrates the aromatic ring more efficiently
than ions in RF destroy it. For a pulsed MW plasma the reduction was found to strongly depend on duty cycle.
The decrease can be correlated to the Balmer HΑ emission, compare figures 4.34 and 4.16. It is believed to be
due to a concentration of atomic hydrogen that decreases with duty cycle. Nitriding and oxidation of aromatic
polymers did not appear to significantly affect the integrity of phenyl rings. Nitrogen radicals were not be
considered responsible for aromatic ring breakup by Zabeida et al. [49], which requires about 5.4 eV. The same
authors also studied effects of ion bombardment on polyethylene-terephthalate and compared modifications
obtained by a continuous or a pulsed microwave-sustained plasma to that obtained by an ion beam. The
samples were treated in 1 kHz-pulsed microwave plasmas in N2 (at 1200 W) and Ar (at 720 W) subsequent
surface analysis by XPS revealed a reduction of aromatic rings to < 40% for duty cycles larger than 10%. These
findings are contrary to what was observed to happen on polystyrene in figure 4.37, where even for a cw MW
discharge in pure N2 the ring content hardly decreased.

4.6.2 Effect of VUV radiation
cw MW in quartz tube reactor 600 W 15 sccm �Ar�/ �H2 � � 1/2 50 � 5 Pa
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Figure 4.39: Absolute VUV emission intensity spectrum of a cw
MW Ar/H2 plasma in a quartz tube of 4 cm diameter.

cw MW in quartz tube reactor 700 W 7 sccm NH3 50 � 5 Pa
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Figure 4.40: Absolute VUV emission intensity spectrum of a cw
MW NH3 plasma in a quartz tube of 4 cm diameter.

VUV radiation during plasma processing may influence the outcome in two ways. It can affect the gas phase
composition by photodissociation of molecular species and can breaking inner-molecular bonds of polymers.
The latter reduces the mole mass by destroying the polymer skeleton. Resulting dangling bonds enhance the
reactivity of the polymer. As experiments in references [50, 53, 150, 215, 216] showed, the VUV emission of
hydrogen-containing MW discharges may reach an intensity that is worth being studied for its effect on the
surface. The present work motivated absolute emission intensity measurements from MW discharges in NH3

which were conducted by Babucke et al. [150]. A comparison of the emission of pure H2, N2, O2, and Helium
MW discharges by Holländer et al. [53]. found that the emission of H2 discharges exceeds that of the other
three by 2 � 4 orders of magnitude.

4.6.2.1 Results from VUV emission spectroscopy

MW plasmas in H2 and in NH3 were excited in a commercial setup of a quartz tube penetrating a MW wave-
guide. The active plasma volume was about 250 cm3. Plasma emission spectra were recorded in a wavelength
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range of 110 � 250 nm in direction of the plasma column [150]. The lower wavelength was set by the cutoff of
the MgF window material. Deterioration of the window during the sequence of experiments was corrected for
by means of calibration measurements.

The obtained VUV emission spectra of H2 XPS cw MW �550 � 100�W 9 cm Afterglow 9.6 s �11 � 1�Pa 15 sccm NH3
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Figure 4.41: Comparison of C 1s XPS spectra of two cw
MW NH3 plasma-modified PS samples. The lower sample was
shielded against UV and VUV radiation by a glass disk.

and NH3 cw MW discharges, shown in figure
4.39 are of similar shape. Both are dominated by
the Lyman-Α peak of atomic hydrogen at 121 nm.
The integrated intensity in the range of 110 �
173 nm was about 50% larger for the H2 plasma.
It scaled linearly with MW power. The VUV flux
onto a substrate in the UHV reactor about 10 cm
below the concentrically spread MW plasma glow
can be estimated as follows: The active glow of the
MW plasma in the UHV reactor has a diameter of
about 220 mm. Its thickness at �11�1�Pa pressure
is about 1/10 of that in the quartz tube reactor.
The solid angle accepted by a sample of 200 mm
diameter at 9 cm distance to the plasma is in the
order of 1 sr. So, for a NH3 discharge in the UHV
reactor of �550 � 100�W MW power about 3 W
power can be expected to reach the sample in form
of VUV radiation.

4.6.2.2 Surface modification with and without participation of VUV radiation

The creation of surface radicals and a mass loss by VUV radiation and atomic hydrogen has been investigated by
Wilken et al. in references [51, 52]. The effect of VUV radiation on the aromatic ring has also been compared
to that of atomic hydrogen by the following experiment of the present work. Two polystyrene wafers were
modified 9 cm downstream of a cw MW plasma in NH3. While one sample was treated as usual, the other was
protected from VUV radiation (and direct ion flux from the plasma) by a glass disk. Three pins positioned the
glass disk 1 cm above the substrate, leaving an entrance slit for diffusing plasma species. The glass disk was
thoroughly cleaned in a hydrogen plasma prior to use to avoid oxygen contamination of the polymer during
the process. The resulting in situ XPS C 1s spectra of the two samples are shown in figure 4.41. Considering
the high VUV intensity from a MW plasma of this type reported before, it is remarkable that no significant
difference in the aromatic ring content of the VUV-protected and the unprotected sample was observed.

Main Results Photons, radicals, and ions of sufficient energy are capable of breaking the phenyl rings
of aromatic polymers like polystyrene, see also section 1.3.1.3. VUV radiation from the plasma does not appear
to have the major responsibility for the observed strong decrease in the aromatic component of the surface. As
pointed out in section 3.4.1.1, already hydration of the aromatic ring can cause disappearance of the Π � Π�

signal. It can be concluded from this experiment that hydrogen atoms, which are abundantly generated by the
cw MW discharge (see figure 4.1), efficiently hydrate the aromatic ring. In principle, a phenyl ring can be up
to six-fold hydrated to cyclohexane, but under plasma conditions it can be expected to break before. However,
simple hydration should be already sufficient to let the Π � Π� XPS signal vanish.
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4.6.3 Post-plasma surface treatment

Following the ideas developed in section 2.3.3.4, a number of experiments was performed that aimed at quench-
ing surface radicals. All experiments were performed with polystyrene samples that were modified in hydrogen-
containing plasmas under different conditions.
Tempering in UHV Storage of treated samples at 50 � 60�C in ultra high vacuum for 24 h did not signifi-
cantly decrease post-process oxidation at contact to the air.
Surface-radical-initiated polymerisation It was studied whether quenching of surface radicals can be
achieved by initiating polymerisation of monomers at the polymer site. For this purpose, plasma-modified
samples were exposed to different monomer gases at 500 Pa pressure for about 15 min. The monomers were
acetylene (C2H2), ethylene (C2H4) and styrene. None of the three substances significantly suppressed post-
process oxidation.
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5.1 Discussion
What can be learned from the experiments reported in this work about the mechanisms that graft nitrogen and
primary amino functional groups?

This section substantiates the discussion of section 2.2.2 on reaction mechanisms for the functionalisation of
polymers by including results of chapter 4. The discussion of volume processes in the plasma and the afterglow
was subject of section 2.1. Volume processes provide particles that may participate in heterogeneous interactions
of the gaseous with the solid phase. The discussion of the present chapter will be interfaced by the development
of two models: One for heterogeneous processes, in section 5.1.3.1, and another for volume processes in pulsed
plasmas, in section 5.1.3.2.

5.1.1 Definition of a surface density

A principle experimental problem in surface science is the proper definition of a surface density. Since all XPS
results are given as surface densities, the problems related to the definition, which were also subject of section
3.4.2, will be briefly reviewed here. In order to be well-defined, the thickness of the surface layer must be
specified over which averaging of the volume density yields the surface density.

In practise, at least three major caveats have to be considered for the interpretation of XPS data. Firstly,
two chemical elements or functional groups may exhibit different functionalisation- or XPS detection depths.
If the surface density of one is normalised to that of the other, the thickness for averaging both densities must
be similar. Secondly, the relevant thickness for averaging may vary from application to application. The value

84
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of the surface density may only have a qualitative meaning if the averaging depth was chosen incorrectly. And
thirdly, the surface roughness may affect the detection depth of XPS.

For standard XPS analysis at constant electron take off angle, the sampling depth is fixed and only slightly
depends on the detected chemical element. In case of primary amino groups, either the functionalisation depth
or the depth of the labelling derivatisation reaction was found in section 4.4.3 to be smaller than the sensitivity
depth of XPS for carbon and the functionalisation depth of non-amino groups. Consequently, the ratios of the
amino signal to that of carbon or nitrogen should tend to underestimate the true amino density in that surface
layer where the fluorine signal from derivated amino groups was actually detected.

5.1.2 Suggestion of surface functionalisation mechanisms

The following considerations on surface functionalisation mechanisms base on the chemistry of radical reactions
that was introduced in section 2.2.2.1. Here, candidate mechanisms will be suggested that may cause grafting
of amino and nitrogen functionalities on polymers. Their relevance for the functionalisation process will be
discussed in section 5.1.4.

5.1.2.1 Grafting of nitrogen functionalities

A number of radicals, ions, and vibronically excited species possess sufficient inner energy to initiate a chemical
reaction with a polymer that leads to a modification of its surface. Low energetic or ground state species may
only be incorporated if they react with an active site, i.e. an open bond, of the polymer. It is generally believed
that reactions of nitrogen-containing species graft nitrogen functionalities rather unspecifically, ranging from
amines and imines to nitrile groups [1]. This is not only due to the manifold reactive gaseous nitrogen species
generated by the plasma but also to the variety of bonding sites that already the virgin polymer offers, which
is multiplied by the diversity of chemical surface states through which a polymer evolves during the plasma
treatment. Although primary amino groups form a subset of nitrogen groups, their grafting deserves an extra
subsection in 5.1.2.2.

The most probable species for grafting of nitrogen functionalities are the radicals N..., ..NH,
.
NH2 togetherActive species

with their ions and vibronically excited states, see also section 2.2.2.1. Also some of the electronic excitations of
N2, especially the metastable states, denoted by Nm

2 , may live long enough to transport their activation energy
to a polymer surface in the afterglow. For instance, the N2�A3��u � state is a promising candidate for grafting
nitrogen. It has a lifetime of about one second and an energy of 6.2 eV, see table 3.1.

Discharges in pure nitrogen are known to be efficient in grafting non-amino nitrogen functionalities on
polymers, see figure 4.13 and section 2.2. In these plasmas, NH and NH2 radicals may only occur as secondary
products of heterogeneous interactions with hydrogen from the polymer surface. Their influence on nitrogen
incorporation can be expected to play a negligible role. Reactions of atomic nitrogen and vibronically excited
molecular nitrogen should dominate. Since both, the degree of dissociation and the energy stored in vibrational
excitation, can be expected to be larger in the MW than in the RF discharges of the present work, the result of
a higher nitrogen surface content resulting from a MW plasma treatment in pure N2 does not allow to decide
whether N... or excited N2 is more efficient in grafting. Plasma spectroscopy of active nitrogen is mandatory to
answer this question. Brocklehurst and Jennings [85] discussed this problem in more detail, see next paragraph.
In mixtures of N2, H2, or NH3 all of the candidate species named before can be present in the discharge.
However, the nitrogen-removing effect of atomic hydrogen, which is likewise present, did not allow to compare
the efficiency of NH2 and NH to N and metastable N2 species in grafting non-amino nitrogen groups for the
experimental data of this work. To do so, combined plasma spectroscopy of atomic hydrogen, N, Nm

2 , NH, and
NH2 would be required.

Single bonds formed by nitrogen are not strong, as was already mentioned in section 2.1.2. This has theAtomic nitrogen

consequence that hydrogen abstraction by atomic nitrogen is usually 0.2–0.6 eV endothermic if N�H is formed,
compare table 2.1. It should be suppressed at room temperature. According to reference [85], the addition of
nitrogen to a hydrocarbon should proceed less probably via a direct addition of nitrogen atoms than via a two-
step reaction starting with hydrogen abstraction, for instance by electronically excited nitrogen molecules or
atomic hydrogen, and subsequent reaction of atomic nitrogen with the radical site. This idea was supported in
reference [85] by a considerable increase of the reaction rate of active nitrogen with olefins in presence of atomic
hydrogen. In addition, the rate coefficient was reported to be of comparable size of that for hydrogen addition
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and appeared to increase with the molecular weight of the olefin. The authors further reported that reactions of
nitrogen atoms with paraffins proceeded slower at room temperature than with olefins.

5.1.2.2 Generation of primary amino functionalities

Radicals or other energetic species from the gas phase can change surface groups by either abstracting them,
substituting them, or adding to them, as was discussed in section 2.2.2.1. The first process creates vacant
sites. The second incorporates the radical, and the third leads to more complex groups, which may fragment
subsequently. Generally speaking, two possible reaction mechanisms may give rise to the generation of primary
amino groups on surfaces: A direct grafting of primary amino groups, and a conversion of non-amino nitrogen
groups to �NH2. The selectivity of a plasma process for amino groups, NH2/N, may be enhanced by three
different type of reactions: those selectively grafting �NH2, those converting non-amino nitrogen groups to �NH2,
and those removing non-amino nitrogen groups. The basics of all these mechanisms will be subject of the
following discussion.

5.1.2.2.1 Direct grafting of amino groups

The stoichiometric ratio of nitrogen and hydrogen in a discharge generally affects the concentration of species
involved in grafting of amino groups.

In pure nitrogen discharges, a direct attachment of nitrogen to the hydrogen-terminated polymer wouldAddition
of active nitrogen

require a rather complex rearrangement of neighbouring hydrogen bonds to form �NH2. It is expected to be a
rather improbable mechanism. The rate of this process should be affected by the degree of hydrogen saturation
of the surface. It might be studied by comparing the performance of N2 plasmas on saturated hydrocarbons
(paraffins) to that on aromatic polymers and unsaturated polymers (olefins). More speculatively, after having
reacted in the vicinity of the surface with abstracted hydrogen to NHx, x � 1, 2, radicals, active gaseous nitrogen
species might become able to graft amino groups directly, see the following two paragraphs. On polystyrene,
a small but non-vanishing amino density resulted from a pure nitrogen discharge, see rightmost data point of
figure 4.13.a. Since it is in the order of the experimental uncertainty of the applied NH2 detection technique,
the direct grafting of primary amino groups by N2 discharges can neither be confirmed nor excluded. The
selectivity of pure N2 plasmas for amino groups was below 10%.

In gas mixtures containing nitrogen and hydrogen, in addition to active nitrogen and atomic hydrogen the
radicals NH and NH2 may participate in surface reactions. Their presence allows to suggest the following
alternative reaction mechanisms for a direct grafting of amino groups.

The NH radical may introduce amino groups by an insertion reaction into the polymer. Hack [184] re-NH insertion

viewed the gas phase reactions of ground state NH�X3��� and electronically excited NH�a1�� with saturated
hydrocarbons. It proceeds via an intersystem

..NH � H�CxHy � HN�H�CxHy �
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For CH4, the branching ratio of reaction �iv� is �90 � 10�% and quenching �v� is unimportant. For heavier
hydrocarbons, the gas phase reaction rate with NH�a1�� at room temperature was found to lie in the order of
10�11 cm3 s�1, slowly increasing with molecular weight. Unsaturated hydrocarbons showed a higher reactivity
with NH�a1�� of about 1.5�10�10 cm3 s�1. Ground state NH�X3���, on the other hand, was found to react about
5 orders of magnitude slower. Its reaction rate at room temperature with saturated hydrocarbons was below
10�15 cm3 s�1. Whereas for unsaturated C2H4 and higher olefins like CH��CH�CH��CH2 the rate was about
10�15 cm3 s�1.

In case of a reaction of NH with a polymer surface, the polymer network can in principle dissipate the excess
energy of the intersystem. This could reduce the probability for the final step to occur and stop the reaction at the
intersystem, i.e. effectively enhance the branching ratio for reaction �iii�, thus insert NH into the hydrocarbon
to form �NH2.

The presence of active sites on the polymer can be expected to promote reactions with neighbouring chainsNH2 attachment
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or molecules from the gas phase. The reactivity of a dangling bond is, in principle, determined by the length
of the remaining polymer chain and the polarity of side groups. The open sites either result from bond scission
by photons or energetic ions, and from radical abstraction or fragmentation reactions, see section 2.2.2.1. At-
tachment reactions of NH2 radicals to an open site is a suggestive alternative path to grafting of primary amino
groups
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Such a two-step mechanism has already been suggested in 1969 by Hollahan et al. [112].
Works of von Keudell et al. [111] suggested an analogue reaction of the methyl radical with a-C:H surfaces,

see section 2.2.4. They observed a dramatic increase of the
.
CH3 addition rate by a factor of about 100 in

presence of atomic hydrogen. This is an important clue for the attachment of the NH2 radical.
The identification of the reaction mechanism of grafting �NH2 groups on polymers would require well-

prepared polymer surfaces and additional gas phase diagnostics for the afterglow of the discharge. This was
not achievable in the scope of this work. However, arguments in favour of the last mechanism will result from
section 5.1.3.

5.1.2.2.2 Conversion and removal mechanisms

Various radical reactions give rise to the conversion or removal of surface functionalities. The conversion and
removal reactions initiated by atomic hydrogen can be studied in a separate a hydrogen plasma process that
follows the functionalisation step. Favia et al. [1] and section 4.5 of this work, presented results of such a
hydrogen plasma post-treatment, called plasma passivation, of N-functionalised polymer surfaces. The results
led to the suggestion of mechanisms to explain the effect of hydrogen on nitrogen functional groups.

The mechanism of selective etching that was suggested by Favia et al. to explain an increasing selectivity for
primary amino groups during a hydrogen plasma passivation step. It will be replaced in this work by a modified
version. The new mechanism, called fragmentation-affected selective etching, is more detailed and allows to explain
the experimental observation that the increasing selectivity for primary amino groups is not accompanied by an
increasing efficiency.

As was suggested by Favia et al. [1], a conversion of nitrogen groups may open an additional reaction pathConversion
mechanism

to primary amino groups. The conversion was assumed to proceeds via a chemical reduction of various nitrogen
groups by a radical substitution or addition reaction of hydrogen, as sketched in equations (5.1) to (5.3).
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According to [1] also etching, i.e. removal, of nitrogen functionalities may result from this process, since theRemoval
mechanism

addition of atomic hydrogen to �NH2 would create volatile NH3, see equation (5.4).
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The authors of reference [1] observed an increase in the amino selectivity, NH2/N, by a hydrogen plasma Extension to
selective etching
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process. The same behaviour was found in the experimental data of this work, presented in figure 4.33. The
conversion mechanism of selective etching as formulated by Favia et al. predicts an absolute increase of primary
amino groups, i.e. the efficiency NH2/C. This increase however, could not be observed in the experimental data:
Both, the overall density of N-groups, N/C and the density of primary amino groups, NH2/C, decreased with
passivation duration. In section 4.5.1, an estimation of the overall removal rates of nitrogen and amino groups
was given. The stability under atomic hydrogen attack of primary amino groups bond to polystyrene was found
to be at least one order of magnitude higher than that of non-amino nitrogen groups. This observation leaves
room to suggest an extension to the mechanism of selective etching by this work which will be described in
the following. This extension requires more detailed assumptions about the effects hydrogen radicals have on
nitrogen functional groups. These assumptions can be motivated by the following basic characteristics of radical
reactions.

An univalent radical like atomic hydrogen cannot simply substitute a multivalent element like the trivalentBasics of
radical reactions

nitrogen. Also the simultaneous breaking of several single bonds of a multivalent element appears improbable.
Consequently, the substitution selectivity of nitrogen functional groups by hydrogen cannot be expected to
follow a hierarchy comparable to that of table 2.2. In accord to the observations of Safrany and Jaster [128],
which were referenced in section 2.2.2.1, hydrogen radicals can be expected to abstract hydrogen from nitrogen
single bonds in amines and to add to a nitrogen multi bond in imines and nitriles. Alternatively, they may
fragment the polymer at nitriles, secondary imines, azo groups, or secondary and tertiary amines. Examples were
shown in equations (5.1) to (5.3).

Reactions of radicals disfavour breaking of polar bonds. In primary amino groups, the C�N single bond is
stabilised against substitution by its high bond polarity compared to that of the single nitrogen bonds in sec-
ondary and tertiary amino groups. Together with the hydration mechanism of multi-bonded nitrogen groups,
this could explain high persistence of primary amino groups compared to other nitrogen groups that was ob-
served in hydrogen plasma passivation processes.

Different to the expectations of Favia et al. [1], but in accord to experimental findings, the effective yieldThe new aspect

of primary amino groups resulting from this hydration may be low. The reason for this is suspected in the frag-
mentation of the polymer that may occur during the conversion of various nitrogen functionalities to primary
amino ones. In the chemical rearrangement associated to hydrogen addition, the nitrogen group may be lost.
Especially, the conversion of nitrile groups appears highly improbable since the hydrogen addition should tend
towards the production of the stable compound HCN, hydrocyanic acid.

The more hydrogen radical reactions are required to convert a nitrogen group to a primary amino one, the
less probable a successful conversion should become. Therefore, the net contribution of these conversions to the
primary amino surface density may well become insignificant. Thus, the removal of nitrogen(1) may not only
proceed via NH3 from hydrogen addition to primary amino groups but also directly via radicals, as was observed
for NH2 radicals in reference [125], for instance. The proposed inefficient conversion of nitrogen groups to
amino groups extends the mechanism of selective etching [1]. The new mechanism for the behaviour of nitrogen
groups under hydrogen radical attack will be called fragmentation-affected selective etching in the following. It
appears suited to explain the experimental findings of a relative enhancement of primary amino groups over
other nitrogen groups by a hydrogen plasma post-treatment of nitrogen-equipped polymer surfaces.

The highly selective behaviour of nitrogen-containing plasmas with an excess of hydrogen, which was also
observed in this work, however, requires a more complicated reaction scheme, as will be seen in the following
section.

5.1.3 Modelling

Modelling of plasma processes offers a way to test whether a hypothetical reaction mechanism may explain an
experimental observations and to weigh individual reaction channels. In this section, an approach is undertaken
to model the grafting of primary amino and other nitrogen functionalities on polymers. The sparse information
on the gas phase composition of the plasmas under investigation did not justify to develop a very detailed
model. The wide range of experimental investigations of the present work, however, allowed to suggest a

(1)In addition, the stability of (successfully converted) primary amino groups at the atmosphere may be fatally affected by neighbouring
open bonds, resulting from an abstraction reaction of atomic hydrogen. This open bond may induce rapid oxidation of the complex,
destroying the primary amino group.
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relatively simple mechanism it is, nonetheless, more complex than what has been discussed so far in literature
on amino functionalisation [1].

Two different models will be developed in the following. The first one, called amination model, describes
amino and nitrogen grafting processes on a surface. For a given treatment duration and given concentrations
of three gas phase species, atomic hydrogen, molecular hydrogen, and active nitrogen, see below, the model
predicts the surface density of amino and non-amino nitrogen groups. The second model, called duty cycle model,
predicts average gas phase densities of the three gaseous species for a given duty cycle of a pulsed discharge
and a given treatment duration. Its predictions are subsequently used as input to the amination model. The
predictions will be tested on experimental data by adapting the free parameters of the models.

Section 2.1.2 pointed out the reduced gas composition dynamics of discharge in N2+H2. These plasmas areChoice of
data set

better suited for simple modelling approaches than those in NH3. Therefore, the two models, the amination
and the duty cycle model, were developed for discharges in N2+H2 They were tested on the experimental data
of H2 admixture to N2 discharges, presented in figure 4.13, and duty cycle variations in N2+3H2 presented
in figure 4.17. Since neither of the models considers the complex plasma-initiated fragmentation of NH3 they
cannot be applied to plasmas predominantly containing NH3.

5.1.3.1 Amination model

The model developed in this section concentrates on the description of heterogeneous processes between the
gas phase and a surface. It will be called amination model in the following. The amination model predicts the
surface densities of amino and non-amino nitrogen functional groups. For this purpose, the different functional
dependencies of the surface densities on the concentrations of gaseous reactive species were studied.

The surface reaction probability of a reactive gaseous species was assumed to be proportional to its gas phase
concentration and the density of the reaction partner at the surface. Detailed homogeneous processes in the
gas phase are not included into the model. Also physical and chemical adsorption as well as surface diffusion
or even catalytic effects of the metallic reactor walls are not considered. Especially, since the kinetics of these
heterogeneous reactions is unknown, e.g. whether the reactive species reacts directly (Eley-Rideal mechanism)
from the gas phase or adsorbs first and thermalises on the surface (Langmuir-Hinshelwood mechanism) prior to
reacting.

The predictions of the model base on partially unknown concentrations of gaseous species. For instance,
the concentration of atomic nitrogen in the gas phase was unknown and the concentrations of NH and NH2

radicals were assumed to be proportional to the concentrations of their precursors, see below.
The amination model predictions were fitted to experimentally obtained surface composition data by adapt-

ing the rate constants of the model. This way, it was possible to derive suggestions for probable grafting
mechanisms. A more stringent test of the model, however, would require explicit gas phase data on transient
species.

The surface composition data of two experimental series was accessible for the amination model: H2 admix-
ture to discharges in N2 and duty cycle variation in N2+3H2.
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Figure 5.1: Nitrogen etching and grafting characteristics of the individual components of the amination model scaled to unity,
including a saturation effect of the surface.

The reaction rate of a gaseous species is assumed to be proportional to its concentration in the gas phase orDevelopment
of the model

to that of its precursors, on the on hand, and to the surface density of its reaction partner, on the other.
The primary gaseous reactive species considered in this model include atomic hydrogen and active nitro-

gen. The latter, denoted by Nact, is a pseudo species which comprises atomic nitrogen and vibronically excited
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molecular nitrogen. The precursors, for the secondary gaseous reactive species NH and NH2, include molecular
hydrogen and nitrogen, next to H and Nact. The secondaries are assumed to be produced in the gas phase for
instance via the reactions listed in tables 5.1 and 5.2. The surface, on the other hand, is considered to have a
limited capacity for bonding non-polymerising functional groups. The surface sites that are distinguished in
this model are amino groups, non-amino nitrogen groups, and surface radicals.

In the beginning of the development, a systematic study was done of the functional dependence of individ-
ual reaction mechanisms for grafting and removal of amino and non-amino nitrogen groups on the gas phase
composition. Relevant examples of this study are shown in figure 5.1. Here, the grafting prediction that results
from different functional dependencies of a grafting or removal mechanism on the gas phase concentrations and
the surface density of reaction site was plotted versa the relative stoichiometric concentration of nitrogen in the
gas phase, denoted by rel�N�st, and compared to data. For this, it was assumed that the concentrations of atomic
hydrogen and active nitrogen are proportional to the relative stoichiometric densities of H and N, respectively.
The study revealed that the characteristic shape of the experimental data plotted versa the relative stoichiometric
concentration of nitrogen in figure 4.13 may be explained by a joint effect of the studied mechanisms.

Terms that are proportional to the hydrogen or nitrogen concentration alone decrease or increase with the
stoichiometric concentration of nitrogen, respectively, see figures 5.1 left and right. The nitrogen grafting
behaviour that was observed in figure 4.13.b, for instance, can be modelled by a surface reaction of active
nitrogen in combination with a removal by atomic hydrogen.

An important observation is related to the grafting of amino groups. The conversion of non-amino groups toA new
mechanism
is required amino groups by selective etching as suggested in reference [1] is not suited to explain the experimental observation

of a high amino surface density found for low stoichiometric concentrations of nitrogen, i.e. an excess of hydrogen,
in figure 4.13. Selective etching predicts a maximum amino density for intermediate relative stoichiometric
nitrogen concentrations as shown in figure 5.3: The conversion of nitrogen groups to amino groups should
proceed proportionally to the atomic hydrogen concentration in the gas phase and the nitrogen density on the
surface.

The high amino density for low stoichiometric concentrations of nitrogen is an important feature of the
present data. In order to explain it, a novel grafting mechanism for amino groups is required. Interestingly,
the new mechanism has to be essentially proportional to the density of atomic hydrogen, compare the leftmost
plots in figures 5.1 and 5.2. As the model will show, this behaviour can be explained by a dependence of the
amino grafting on the presence of open polymer sites, which are created by atomic hydrogen. Open sites would
allow a direct grafting of amino groups by NH2 attachment, as discussed above. Production of NH2 in the gas
phase could occur via the reactions listed in table 5.2. It would likewise profit from an hydrogen excess. In
spite of its small reaction rate, the last reaction may be important for the NH2 production since it is a prompt
trimolecular reaction of atomic nitrogen and the major component H2. Atomic nitrogen is a primary product
of N2+H2 discharges, whereas the other reactions in table 5.2 depend on the secondary product NH.

Addition of NH2 to open polymer sites
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Figure 5.2: Amino and nitrogen grafting characteristics of the individual components of the amination model for ∆Nact
/∆H � 15%.

The predicted grafting via the NH2 attachment mechanism decreases faster with increasing stoichiometric ni-
trogen concentration than observed in the data. To better interpolate the data, a second grafting mechanism is
required which exhibits a maximum amino density for intermediate values of the stoichiometric nitrogen con-
centration, like the already discussed for selective etching. Such an intermediate maximum is a general property
of mechanisms that are proportional to products of gaseous hydrogen and nitrogen species concentrations, see
middle plot in figure 5.1. The original selective etching mechanism, as shown in figure 5.3, is disfavoured
as explanation in this work since the conversion of non-amino groups to amino groups by atomic hydrogen
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attachment could not be observed. Instead, the mechanism of fragmentation-affected selective etching, as described
in section 5.1.2.2.2, was used. This mechanism was considered not to convert nitrogen in significant amounts
to primary amino groups. It is basically an etching mechanism that removes primary amino and non-amino
groups that were grafted by other mechanisms with different efficiencies. An additional mechanism, however,
is able to supply the observed maximum of amino groups at intermediate values of the stoichiometric nitrogen
concentration: It is the grafting of amino groups by the insertion reaction of NH of section 5.1.2.2.1, see the
centre plot of figure 5.2. The mechanism relies on the production of NH in the gas phase, according to the
processes listed in table 5.1. In this work, the insertion scenario is favoured over the original version of selective
etching.

The amination model, which
NH2 from conversion of N-groups
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Figure 5.3: The original mechanism of
selective etching, as suggested by [1],
converts nitrogen surface functionalities
to primary amino ones. It’s functional de-
pendence is similar to that of the NH in-
sertion reaction in the centre plot of figure
5.2. Selective etching would add a term
proportional to BS �H� to the differential
equation on AS�t�. However, the mecha-
nism is disfavoured and was not included
into the model. Instead, the mechanism
of fragmentation-affected selective etch-
ing was used, see text.

Species
and reaction
mechanisms was derived from these considera-

tions, distinguishes only four gaseous
species: N2, H2, atomic hydrogen,
H, and active nitrogen, Nact. On
the surface side, the modelled func-
tionalities include those that could
be distinguished by XPS: primary
amino groups, AS, and non-amino ni-
trogen groups, BS. In addition, the
creation of active polymer sites, RS,
by atomic hydrogen is taken into account. For these gaseous and solid reaction partners the model describes
five basic heterogeneous processes. Two of them are applied to amino and non-amino groups. They will be
presented in the next paragraph.

As a basic property, the model has to take saturation effects of the surface into account. A polymer surface
has a limited capacity of bonding nitrogen or tolerating active sites, i.e. surface radicals. Q̂S denotes the maximum
capacity of the surface. The remaining capacity, QS, i.e. the maximum capacity reduced by the density of already
bond nitrogen or created active sites, determines how far the surface is from saturation.

Reaction Rate Ref.

N�2D�+H2 � NH+H 2.3�10�12 cm3 s�1 [78]
N�2P�+H2 � NH+H 2.5�10�14 cm3 s�1 [78]
N+H2(v) � NH+H depends on vibrational state [78]
N+H+M � NH+M 10�33 cm6 s�1 [78]

Table 5.1: Reactions of N and H2 to produce NH.

Reaction Rate Ref.

NH+NH � NH2+N 10�11 cm3 s�1 [78]
NH+H2 � NH2+H 9.9�10�18 cm3 s�1 [217]
NH+H+M � NH2+H 10�32 cm6 s�1 [78]
N+H2+M � NH2+M 10�34 cm6 s�1 [78]

Table 5.2: Reactions to produce NH2.

The heterogeneous processes are included in the following way, compare also figure 5.2.Motivation of
individual terms

(A1/B) Direct grafting of amino and non-amino groups by active nitrogen is proportional to the free bond-
ing capacity of the surface QS and to the concentration of active nitrogen in the gas phase. The rate
constants are Α1 and Β. For amino groups, i.e. process (A1), this direct grafting is expected to play a
minor role.

(A2) Insertion of NH is proportional to QS and to the density of educts for the production of NH in the gas
phase, i.e. proportional to �H2� � �Nact�, see the first three reactions in table 5.1. The rate constant of NH
insertion is Α2.

(A3) Attachment of NH2 to open sites is proportional to the density of surface radicals, RS, and to the
concentration of educts for the production of NH2 in the gas phase, i.e. proportional to �H2� � �Nact�.
Here, the last reaction of table 5.2 is assumed to dominate, as was argued above. Other attachment
reactions to open sites are neglected. The rate constant of NH2 attachment is Α3.

(A/B) Fragmentation-affected selective etching of amino and non-amino groups is proportional to the
respective nitrogen group densities on the surface and the concentration of atomic hydrogen in the gas
phase. The rate constants are Α and Β, respectively. The experiment in figure 4.33 suggested that amino
groups are at least one order of magnitude more resistant to etching by atomic hydrogen than other
nitrogen groups.

(R) Creation of surface radicals is proportional to QS and the density of atomic hydrogen, �H�. The rate
constant is �.
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This reaction scheme was formulated as system of differential equationsReaction scheme

ȦS�t� �
�
Q̂S � �AS�t� � BS�t� � RS�t��

�
�
�
Α1 �Nact�� � �

�A1�

� Α2 �H2� �Nact�� � �
�A2�

�
� Α3 �H2� �Nact�RS�t�� � �

�A3�

� Α �H�AS�t�� � �
�A�

ḂS�t� �
�
Q̂S � �AS�t� � BS�t� � RS�t��

�
� Β �Nact�� � �

�B�

� Β �H�BS�t�� � �
�B�

ṘS�t� �
�
Q̂S � �AS�t� � BS�t� � RS�t��

�� � �
��QS

� � �H����
�R�

� Α3 �H2� �Nact�RS�t�� � �
�A3�

(5.5)

The used symbols are defined as followsDefinition
of symbols

AS density amino groups on the surface
BS density of non-amino groups on the surface
RS density of active polymer sites
Q̂S maximum capacity of the surface for AS, BS, RS

�N2� concentration of N2 in the gas phase
�H2� concentration of N2 in the gas phase
∆H dissociation ratio �H� / �H2�

∆Nact
activation ratio �Nact� / �N2�

Α1 grafting rate of amino groups by active nitrogen
Α2 grafting rate of amino groups by NH insertion
Α3 grafting rate of amino groups by NH2 attachment
Β grafting rate of non-amino groups by active nitrogen
� surface radical creation rate by H

Α removal rate of amino groups by H
Β removal rate of non-amino groups by H

Next to the maximum capacity Q̂S for bonding nitrogen or tolerating active sites, the model uses 7 rate con-Model
parameters

stants to weigh the different processes, Α1, Α2, Α3, Α, Β, Β, �. Since no gas-mixture-dependent data on hydrogen
and nitrogen species in the gas phase had been available, the densities of atomic hydrogen and activated nitrogen
were assumed to be proportional to that of H2 and N2, respectively, i.e. �H� �� ∆H�Ĥ2� and �H2� � �1 � ∆H/2��Ĥ2�,
as well as �Nact� �� ∆Nact

�N̂2�, with �Ĥ2� and �N̂2� being the concentrations before plasma ignition. This implies
the dissociation and activation ratios of hydrogen and nitrogen, ∆H and ∆Nact

, to be independent of the N2+H2 gas
mixture and adds two more parameters to the model.

The maximum capacity Q̂S for bonding nitrogen or tolerating active sites could not be determined due toParameter
fixing and fitting

the semi-quantitative character of the XPS measurements and the unknown surface radical density. Here, Q̂S

was assumed to be 100%, i.e. one fourth of the four carbon bonds.
A density of atomic hydrogen of 1.7�1020 m�3 has been measured by TALIF in a cw MW plasma at about

550 W for a mixture of �N2� � �H2� � 1 � 3 at �11�1�Pa , see figure 4.1. At 800 K atomic hydrogen temperature
this corresponds to a hydrogen dissociation ratio(2) of about ∆H �

�H�
�H2�

� 20%. Due to missing data on activated
nitrogen species in the gas phase, the ratio of the nitrogen activation to the hydrogen dissociation probability,
Ξ �� ∆Nact

/∆H, was assumed to be equal for all three types of plasma excitations. A value of this double ratio of
Ξ � 15% was determined during a fit of the amination model predictions to the experimental data in figure
4.13, not including data from pulsed MW excitation.

For pulsed MW discharges, the effective hydrogen dissociation rate, ∆H
pulsed MW, was extrapolated from that of

cw MW discharges, ∆H
cw MW, by the help of the double ratio Ξ, which was assumed to be fix, and the duty cycle

model as described in the next section. Figure 5.7 shows the prediction of the duty cycle model for the ratio of
atomic hydrogen to activated nitrogen in the gas phase. For the pulsed MW plasma, the predicted dissociation
ratio reads ∆H

pulsed MW � / ∆H
cw MW, with / �� �H�pulsed

�Nact �pulsed
� �Nact�cw

�H�cw
� 26/20 � 1.3.

In accord to the results in figure 4.33, the removal rate of amino groups by atomic hydrogen Α was con-
strained to be 1/10 of that of non-amino groups Β.

The remaining rate constants, including ∆H
pulsedMW and ∆Nact

pulsedMW for the cw MW and ∆H
cwRF and ∆Nact

cwRF for the
cw RF plasma, were fitted to the experimental XPS data of all three plasma treatments under the constraint
Ξ � ∆Nact

/∆H � 15%. For the cw MW and cw RF plasma, treatment durations of 10 s and 80 s were simulated,
respectively, whereas for the pulsed MW plasma 10 s effective treatment duration were simulated.

(2)The degree of dissociation is generally defined differently: �H�
�H���H2 �

.
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Excitation ∆H ∆Nact
Α1/Ξ Α2/Ξ Α3/Ξ Α Β/Ξ Β �

cw MW 0.2 Ξ ∆H
cw MW

pulsed MW / ∆H
cw MW Ξ ∆H

pulsed MW

�
9.8�10�18 7.0�10�32 3.8�10�28 Β/10 6.5�10�16 2.3�10�16 5.7�10�18

cw RF 0.011 Ξ ∆H
cw RF cm3 s�1 cm6 s�1 cm6 s�1 cm3 s�1 cm3 s�1 cm3 s�1

Table 5.3: Heterogeneous rate constants of the amination model resulting from a fit to the data, see text. The ratio of the relative

concentrations of active nitrogen and atomic hydrogen was determined to Ξ ��
∆Nact
∆H

� �Nact�
�N2 �

� �H2 �
�H� � 15%. All coefficients that weigh

processes that depend on the active nitrogen density are proportional to Ξ. The ratio of the ratios of atomic hydrogen and active nitrogen

concentrations in the pulsed and the cw mode was determined by the duty cycle model in the next section to / ��
�H�pulsed
�Nact�pulsed

� �Nact�cw
�H�cw

�

26/20 � 1.3, see figure 5.7. The dissociation ratio ∆H
pulsedMW for the pulsed plasma is an effective quantity for the effective treatment

time of 10 s.

Main Results

The suggested model of reaction
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Figure 5.4: For high concentrations of
hydrogen the model predicts efficient re-
moval of N-groups by H. However, little
can be removed since the amount of graf-
ted N is low, compare figure 5.1.

0 0.2 0.4 0.6 0.8 1
0

0.5

1

1.5

2

2.5 )  2 ) / (A3 Contribution (A

R
at

io
 in

 1

Relative stoichiometric N density in 1

Figure 5.5: With the determined set of
coefficients the process of NH2 addition
(A3) is predicted to be more efficient than
NH insertion (A2) for rel�N�st �25% and
vice versa.

mechanisms is capable of explain-
ing the structure of the experimen-
tal data of plasma functionalisation
experiments in varying mixtures of
N2 and H2 for all three types of
discharges under investigation. The
agreement of the model and the data
in figure 4.13 is good.

The values of the rate constants
resulting from the fit, listed in table
5.3, have no absolute meaning since
most of the required species concen-
trations were missing and XPS sur-
face densities are suspected to have a semi-quantitative character only. However, their relative sizes correspond
to the role the individual components play in reconstructing the shape of the data. This is reflected in figures
5.4 and 5.5. For plasma treatments in high concentrations of hydrogen, the amination model predicts up to
2% surface radicals. This value is, according to section 2.3.3.3, compatible with the post-process oxidation
behaviour observed in figure 4.28 of about 9% on average.

Additional gas phase diagnostics of active nitrogen, NH, and NH2 appears desirable in order to subject the
amination model a critical test. Until then, the agreement of model and data must be interpreted carefully.
Especially, the assumed proportionalities of �H� and �Nact� to �H2� and �N2�, respectively, are to be handled
with care, as measurements reported in reference [78] suggest.

It can be concluded that the model allowed a first test of the newly-suggested reaction mechanisms for
the grafting of amino and non-amino nitrogen groups. As a main result, a strong indication was found for the
importance of the mechanism of attachment of NH2 radicals to open sites. An extension of the amination model
to discharges in NH3 would require a detailed decomposition model for NH3 in order to consider alternative
production channels for NH and NH2.

5.1.3.2 Duty cycle model

The interpretation of the duty cycle variation experiments in section 4.2.3 require a more detailed discussion.
For this purpose, a numerical model for gas phase processes in pulsed discharges was developed. The effect that
pulsing of the plasma-sustaining power has on the energy distribution functions of the plasma species with all
its consequences has not been included. This can be justified by the restriction to pulse durations in the order
of 1 ms and larger. Such pulses are long compared to the time scale of the electron kinetics.

Pulsed plasmas generate transient species during the on-phase of the plasma. They start to decay or to re-Development
of the model

combine as soon as the plasma power is switched off. For example, the hydrogen dissociation and recombination
in a pure hydrogen plasma may be described by the following system of differential equations

�
�t �H��t� � 2

Τdis
P�t� �H2��t� �

1
Τdec

�H��t�

�
�t �H2��t� � � 1

Τdis
P�t� �H2��t� �

1
2 Τdec

�H��t� ,
(5.6)
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where P�t� is the (microwave) power modulation function, and Τdis and Τdec are the characteristic dissociation
and decay (due to recombination) times for molecular and atomic hydrogen. In this equation, the loss rate
of a transient species is proportional to its concentration in the gas phase. Its creation rate is proportional to
concentration of the molecule. For the rising part, i.e. P > 0, the solutions of equation (5.6) are exponentials of

the form �H��t�  Τdec
Τdis�Τdec

�
	

1� exp
�
� t � 1

Τdis
� 1

Τdec
�
�


and �H��t�  exp�� t
Τdec
� for the decaying part, i.e. P � 0. Two

examples of the atomic hydrogen concentrations resulting from system (5.6) for a sequences of plasma pulses
are shown in figure 5.6.

The model developed here is an
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Figure 5.6: For a duty cycle of 28.6%

but different plasma-on durations the
duty cycle model predicts different mean
atomic hydrogen densities, indicated on
the right side. Here, the measured dis-
sociation and decay times from figure 4.2
were used.
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Figure 5.7: Ratio of the concentration
of atomic hydrogen and active nitro-
gen, �H� / �Nact�, in pulsed N2+3H2 dis-
charges versa the duty cycle as predicted
by the duty cycle model. The effect is
rather small. See text.

approximative approach to estimate
the densities of transient species in
the gas phase. These densities
were used as input to the amination
model, developed before, to investi-
gate whether the experimental find-
ings of the duty cycle variation ex-
periments in section 4.2.3.2 can be
explained in the combined frame-
work of the two models.

In order to reduce the complexity
of the descriptions, a number of sim-
plifications are made. The duty cycle
model, as developed in the following
for discharges in N2+H2, predicts the gas phase concentration of two transient species only: atomic hydrogen
and active nitrogen. In reality, each of the species possesses numerous creation and loss channels, e.g. decompo-
sition by the plasma, recombination at the reactor walls, reactions among the gaseous species, surface catalytic
effects. All these are approximated in the present model by two distinct channels only: one for creation and one
for loss processes. In addition, the two associated characteristic times for dissociation/activation and decay, Τdis/act

and Τdec, are assumed to be independent of the concentration of the gaseous species. As a consequence, the rather
complex coupled, multi-term balance equations for the concentration of the transient species H and Nact are
approximated by two decoupled systems, one for hydrogen, one for nitrogen(3), in the form of equation (5.6).
These approximations can be justified by the experimental data reported in figure 4.2. It shows that the tem-
poral development of the atomic hydrogen concentration in a MW-excited plasma in NH3 can be interpolated
by an exponential function.

The duty cycle model was applied to the experimental data of duty cycle variations in a mixture of N2+3H2,Parameter
fixing and fitting

which was reported in figure 4.17. For plasmas in NH3, The complicated fragmentation behaviour of NH3 and
the drastic change of the gas composition after plasma ignition thwarted the application of the model.

The duty cycle model has five parameters: the characteristic dissociation/activation and decay times of hy-
drogen and nitrogen, ΤH,dis, ΤH,dec, ΤN,act , ΤN,dec, as well as the amplitude of the power modulation function P�t�.
For the cw MW case, the model allowed to determine the amplitude of the parameter P by calibrating the
predicted gas phase concentration of atomic hydrogen to the measured one, i.e. of about ∆H

cwMW � 20% of the
initial H2 concentration, and to the active nitrogen concentration derived by the amination model, i.e. about
∆Nact

cw MW � Ξ ∆H
cw MW � 3%.

The two characteristic times of hydrogen were measured in a discharge in NH3 by TALIF, see figure 4.2,
and were assumed to be of the same size for mixtures in N2+H2: ΤH,dis � 13 ms and ΤH,dec � 6 ms. For the active
nitrogen species no experimental measurements were available. So, ΤN,act and ΤN,dec remained free parameters.

The link between the two numerical models was established via the average concentrations of transient
and molecular species during the process that were predicted by the duty cycle model and handed over to the
amination model. The parameters of the amination model that had been determined for the data in figure 4.13
were fixed during the evaluation of the duty cycle model predictions. The feedback of the amination model, in
form of predictions for surface densities, was then fitted to the experimental data in figure 4.17 by adapting the

(3)The factors 2 and 1/2 in equation (5.6) describe dissociation of H2 or N2. In case of nitrogen it is not clear whether atomic or excited
molecular nitrogen is the species relevant for N-grafting. However, the two factors were maintained for describing nitrogen activation.
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characteristic times for dissociation/activation and decay of the duty cycle model.
The fit resulted in a relatively broad range of characteristic nitrogen time constants. The average gas phase

concentrations of H, H2 and Nact predicted from the duty cycle model achieved a satisfactory agreement with
the data in figure 4.17, when put into the amination model, for the following values

ΤN,act � 25(100 ms and ΤN,dec � 1.5(3 ms .

These characteristic times of nitrogen are different from the corresponding times of hydrogen. The broad range
of the predicted activation time ΤN,act range is caused by the harmonic-mean character of the effective rise time

1
ΤN,act

� 1
ΤN,dec

. A small decay time ΤN,dec dominates the effective rise time. The mean is insensitive to the exact
value of a large activation time. To further restrict the predicted ranges would require more experimental data,
especially a series of duty cycle variations for fixed pause duration.

The data interpolation in figure 4.17 shows the prediction of the duty cycle model for the parameter com-
bination

ΤH,dis � 13 ms , ΤH,dec � 6 ms and ΤN,act � 25 ms , ΤN,dec � 3 ms .

Figure 5.7 shows the corresponding ratio of the average gas phase density of H and Nact versa duty cycle. For the
these characteristic times, it shows a weak dependence of the ratio only, like the data in figure 4.17. It results
from the comparatively small differences of the characteristic times of H and N.

Main Results

For duty cycles larger than 3%, the duty cycle model is suited to predict particle densities of atomic hydrogen
and active nitrogen as input for the amination model. A combination of both models gave a possible explanation
of the experimental findings in figure 4.17. For duty cycles smaller than 3% the prediction value of the primary
amino surface density exceeds the data. The difference is suspected to be due to a less reliable plasma ignition
of the N2+3H2 gas mixture for short pulses and small duty cycles. This effect would shorten the effective
treatment duration and result in a lower functionalisation. For pauses longer than 30 ms, i.e. about 3% duty
cycle at 1 ms pulses, the charge carriers of the plasma might have fully decayed, so a complete re-ignition of the
plasma would be necessary. Experimental, the ignition behaviour of N2+3H2 was found to be worse than that
of NH3. This might explain why no such effect was observed for NH3 in figure 4.4.

The characteristic decay time of nitrogen of about ΤN,dec � 3 ms predicted by the duty cycle model is smaller
than that of hydrogen. This is contrary to what would be expected for long-living nitrogen states or a slower
diffusion behaviour of active nitrogen to the reactor walls. Experiments on the spatial afterglow in section
4.2.4 support these findings in the temporal afterglow. The low concentration of active nitrogen and the
possibility of participate in bi-molecular reactions with the dominating species H2, however, might explain a
faster quenching of active nitrogen due to gas phase reactions which are efficient even at low process pressures.
Alternatively, superelastic collisions of vibrationally excited N2 may sustain H2 dissociation in the temporal
afterglow, thus inducing an excess of nitrogen-etching species over nitrogen-grafting ones.
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5.1.4 Discussion of surface functionalisation mechanisms

Supported by characteristic experimental observations of this work, the discussion in the present section aims
at discriminating between well-established and hypothetical polymer surface modification mechanisms.

For mixtures in N2 and H2, it was possible in the previous section to study the interaction of the proposed
mechanisms by the help of a simulation of heterogeneous reactions. The understanding of the functionalisation
process resulting from these studies will be discussed in the following.

For plasmas in NH3, however, two peculiarities thwarted the application of the developed numerical mod-
els: The complicated fragmentation behaviour of NH3 and the drastic change of the gas composition during
the process, resulting from NH3 decomposition to other stable species. Consequently, those systems can be
discussed on a lower, qualitative level only.

The semi-quantitative character of non-angle-resolved XPS surface analysis, especially in connection withSemi-quantitative
character of data

chemical derivatisation reactions, is judged to affect the determined surface composition quantitatively but
not qualitatively. From a basic-research point-of-view, it should have little impact on the conclusions drawn.
Due to missing absolute concentrations of gaseous transient species, the discussion of heterogeneous reaction
mechanisms relies on relative surface densities. Unless absolute gas phase diagnostics will be extended to more
transient species, quantitative numerical modelling is futile.

For application-oriented research, however, the absolute density of a surface functionalisation often greatly
matters. Angle-resolved XPS measurements can significantly improve the situation by providing density pro-
files. The suspected limited labelling depth of gas phase derivatisation reactions, however, is a problem that has
to be solved by future research.

5.1.4.1 Characteristic experimental observations

Let’s recollect important observations from plasma functionalisation and passivation experiments of polymers
that may give clue to underlying heterogeneous mechanisms.

Surface functionalisation in NH3 and N2+H2 plasmas

In first-order approximation, the functionalisation rate of the three studied modes of plasma excitation in NH3

was shown to be similar with respect to the NH3 conversion rate, see figure 4.8. However, the different modes
of plasma excitation show peculiarities that will be briefly summarised.

It is important to note that the process of amino functionalisation proceeds faster than the incorporation ofcw plasma
excitation

non-amino groups. This is most evident in the amino selectivity plot in figure 4.8.c. It is further remarkable
that in all experiments of this work, the amino density, NH2/C, grafted by cw MW-excited plasmas in gases
containing nitrogen and hydrogen was at least 1% higher than by cw RF-excited plasmas. Also the selectivity
for amino groups was generally 20� 40% higher for cw MW plasmas. The only exception formed discharges in
N2+H2 that were rich in hydrogen. Here, both cw excitation modes reached 100% selectivity.

The large decomposition rate of the cw MW discharge, in combination with the slow gas exchange, trans-
formed NH3 within about 5 s to a mixture that resembled N2+3H2. Consequently, both gas mixtures func-
tionalised similarly under cw MW excitation.

If normalised to the pulse duration, pulsed MW plasmas dissociated NH3 with an efficiency similar to thatPulsed plasma
excitation

of a cw MW discharge, see in figure 4.4. The pulsed MW plasmas behaved quasi like an interrupted cw MW
plasma. For pulse durations down to 1 ms, effects of the electron kinetics and of the ignition and decay phase of
the plasma were negligible.

The comparison of pulsed MW discharges in NH3 and in stoichiometric equivalent N2+3H2 in section
4.2.3 revealed significantly different functionalisation results. In N2+3H2, the nitrogen incorporation depended
only weakly on the duty cycle. In MW plasmas in NH3, on the other hand, the nitrogen grafting drastically
increased with decreasing duty cycle and was anti-correlated to the amino grafting. This interesting result must
be related to a change in the ratio of atomic hydrogen to nitrogen-grafting species in the discharge. Contrary to
most other experiments, here the nitrogen grafting was anti-correlated to the N2�C � B� emission of the plasma
glow. Both emissions, of HΑ and of N2�C � B�, increased with increasing duty cycle.

Surface functionalisation on admixture of H2 to NH3 and N2 plasmas

On admixture of hydrogen, all studied discharges in NH3 and in N2 showed similar trends with respect to
nitrogen functionalisation, see section 4.2.2. However, the nitrogen grafting in pulsed MW and cw RF plasmas,
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as well as the amino grafting in cw RF plasmas was more efficient in NH3+H2 than in N2+H2. The large amino
surface density resulting from plasmas with high concentrations of hydrogen in the gas phase appears to be an
observation of special importance.

Surface passivation in H2 plasmas

Post-process plasma passivation experiments showed that hydrogen plasmas remove nitrogen- and oxygen-
containing functional surface groups off polymers. Also in presence of nitrogen, the removing effect persists,
as the comparison of discharges in mixtures of N2 and H2 to those in pure N2 showed. The observed high
intensity of HΑ emission in MW plasmas compared to RF plasmas can be interpreted as indication for a high
concentration of atomic hydrogen. With increasing pressure, the absolute hydrogen radical concentration was
found by TALIF to increase and the efficiency for nitrogen grafting to decrease. In cw MW NH3 plasmas, the
HΑ and Lyman-Α emission was found be very intense and comparable to that in pure H2. Atomic hydrogen
caused significant polymer surface damage by hydrating or breaking aromatic rings, as shown by figure 4.34.
Over-treated polymer surfaces failed to reach optimum functionalisation, see section 4.2.1.

Process purity

Last, not least, the process purity was found to greatly determine the success of a functionalisation process, see
section 4.2.6. The performance of plasma processing in the UHV environment could not be reached in a fine
vacuum reactor. Oxygen impurities in the reaction environment were shown to have a malign influence on the
efficiency of nitrogen incorporation during plasma functionalisation.

5.1.4.2 Well-established reaction mechanisms

In the domain of processing of polymers by nitrogen- and hydrogen-containing plasmas, the list of well-
established surface modification mechanisms is rather short. The effects of atomic hydrogen on polymer surfaces
are better understood than those of nitrogen-containing species.

Hydrogen plasma passivation experiments on unfluorinated polymers showed that atomic hydrogen is ca-
pable of

� reducing the density of nitrogen and oxygen functionalities on a polymer surface
� creating dangling bonds and surface radicals which induce post-process oxidation
� breaking the symmetry of aromatic rings either by fragmenting or by hydrating the rings.

Breaking of the polymer skeleton is caused by radical fragmentation reactions or, indirectly, by the UV/VUV
radiation from electronically excited hydrogen. The other processes proceed via hydrogen radical abstraction,
substitution, or addition reactions.

An important effect of these hydrogen radical reactions is a unification of the surfaces of different polymer
types. It results from removing chemical functionalities, hydrating double bonds, and breaking characteristic
polymer structures, like phenyl rings. The longer the treatment lasts, the more alike initially different surfaces
become. Removal of surface functionalities and crosslinking of dangling bonds may result in a polymer network
that resembles an a-C:H surface [111]. For non-crosslinking polymers, a decrease of the average molecular
weight results.

Pure nitrogen discharges are known to be efficient in grafting nitrogen functional groups on polymers.
However, it is not known which nitrogen species, atomic nitrogen or vibronically excited (metastable) N2, is
more efficient. On the one hand, Favia et al. [1] found a positive linear correlation between the amount of
nitrogen grafted on polyethylene and the N2�C3�u � B3�g, 0 � 0�/Ar emission ratio in pulsed RF discharges
in NH3. According to the authors this confirms the active role N2 molecules play in nitrogen grafting on
polymers. In the present work, similar trends were found on polystyrene for MW and RF discharges in mixtures
of NH3 and H2, as well as mixtures of N2 and H2. The opposite trend, however, was found for pulsed MW
discharges in NH3. It may be caused by a dominance of atomic hydrogen and underlines that the details of
NH3 decomposition play an important role for nitrogen grafting. In iron nitriding studied , on the other hand,
Ricard et al. identified in references [104, 108] N atoms as the dominant nitriding species. The efficiencies
of other radicals like NH and NH2 for grafting of non-amino nitrogen groups are completely unknown. The
amination model indicated a probable importance of NH and NH2 radicals for the grafting of primary amino
groups.
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5.1.4.3 Hypothetical reaction mechanisms

Progress in the field of surface modification not primarily requires better (and more expensive) gas phase and
surface diagnostic tools but new ideas that stimulate future research even with restricted, but well chosen exper-
imental means. Let’s suggest possible surface modification mechanisms, guided by experimental observations!

Basic mechanisms

Due to deviating bond polarities, homolytic radical reactions are known to distinguish between primary, sec-Selective
substitution

ondary, and tertiary functional groups [84]. This motivates to suggest a reduced radical substitution or abstrac-
tion probability at primary amino groups compared to secondary and tertiary ones. It would imply a higher
persistence of primary amino groups during hydrogen radical attack.

Selective etching [1] on the other hand, considers hydrogen radical addition to be responsible for convertingSelective etching

nitrogen functionalities to primary amino groups and to give rise to etching of nitrogen groups via formation of
volatile NH3. However, this process does not explain the experimental findings of hydrogen plasma passivation
experiments on nitrated polymer surfaces.

Fragmentation-affected selective etching considers the conversion of nitrogen groups to primary aminoFragmentation-
affected

selective etching groups by hydrogen radical reactions less probable than their removal. The probability of a successful conversion
decreases with the number of hydrogen addition reactions required for a given type of nitrogen functionality
since in each hydration step abstraction of the nitrogen compound or fragmentation of the polymer chain may
occur. It does assume a higher persistence of primary amino groups, compared to other nitrogen functionalities,
partially due to the nitrogen loss occurring during the conversion, partially, like in selective substitution, due
to the higher polarity of the N�C of primary compared to secondary and tertiary amino groups.

If competitive grafting and etching of nitrogen groups effectively results in production of primary aminonitrogen-group
turnover

groups, the yield increases with the nitrogen turnover on the surface. The turnover scales with the concentration
of nitrogen grafting and etching species in the gas phase.

NH insertion bases on a radical addition reaction. It is a hypothetical process for the production of primaryNH insertion

amino groups whose effect has not been directly observed. However, it is compatible with the surface and gas
phase concentration dependencies of one of the heterogenous processes that are required by the amination model
developed in this work. In contrast to the other mechanisms, insertion of NH is a direct process. This may affect
its reaction rate positively. A two step mechanism like NH2 attachment requires that the creation of an open
reaction site precedes the attachment step. So, NH insertions may be a probable explanation for the fast and
highly selective amination process that was observed in cw MW plasmas in pure NH3 to occur within less than
100 ms, see figure 4.8. Also the TDLAS detection of NH in section 3.2.2.2.2 suggests that NH can be expected
to be an important product of NH3 discharges. In cw MW discharges in mixtures of N2+H2, on the other hand,
NHmay be likewise produced in non-negligible quantities. The efficiency of grafting of non-primary-amino
functionalities by NH is open to speculation.

NH2 attachment is a radical attachment reaction to incorporate primary amino groups. It can be consideredNH2 attachment

a probable process at open reaction sites of a polymer. It was suggested in direct analogy to the experimental
findings of von Keudell et al. [111] for the methyl radical. In addition, as the amination model showed, the
process is important to explain the high amino surface density, which was experimentally observed for high
concentrations of hydrogen in nitrogen-containing discharges. To be efficient, NH2 attachment requires large
amounts of atomic hydrogen, partially for the creation of open reaction sites at the polymer, partially to shift the
gas phase reaction balance towards

.
NH2 production. NH2 may also be able to incorporate non-primary-amino

groups by radical addition reactions under, for instance, H2 production.
The universal applicability of the plasma functionalisation process developed in this work to eight differentProcess

applicability

unfluorinated(4) polymer types can be explained by the high reactivities of atomic hydrogen and nitrogen-
grafting species. They must be high enough not to distinguish between the chemical character of different
polymer types. Hydrogen radical reactions could be employed to unify the surface of different polymer types,
in the way described before, prior or during the functionalisation process.

Grafting by MW and RF plasmas

MW discharges are highly efficient in decomposing molecular species. The concentration of reactive species in
the gas phase can generally be expected to be higher than in RF plasmas. The nitrogen turnover, as discussed

(4)Due to the high electronegativity of fluorine, the hydrogen radical reactions can be expected to be less efficient on fluorinated polymers.
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above, on the treated surface should be enhanced in MW discharges containing nitrogen and hydrogen. This
turnover may help to explain why the observed efficiencies and selectivities for primary amino groups in this
work were generally higher for MW processes than for RF excitation. The amination model developed an-
other reaction scheme, based on fragmentation-affected selective etching, NH insertion, and NH2 attachment,
processes which likewise scale with the gas phase concentrations of transient species.

In this work however, mainly afterglow MW plasmas were compared to glow RF processing. For an af-
terglow RF treatment, the efficiency for amino groups was found to increase by about 1%. For both plasma
modes, the nitrogen efficiency decreased with increasing sample-to-plasma distance. This could by explained
by a correlated increase of the ratio of atomic hydrogen to nitrogen-grafting species.

Highly efficient nitrogen grafting in combination with satisfactorily efficient amino grafting was only be
achieved cw RF and pulsed MW plasmas in pure NH3. This may indicates that NH3 produces more species that
are efficient in grafting nitrogen, provided that excessive atomic hydrogen production can be suppressed. The
latter should be the case in cw RF and pulsed MW discharges.

Grafting by cw and pulsed MW plasmas

Although the NH3 decomposition, i.e. the vanishing of NH3 from the discharge, by pulsed MW plasmasin NH3

was found to behave quasi like an interrupted cw MW discharge, see section 4.1.2.2, the results of surface
functionalisation, however, did clearly reflect whether pulsed or cw MW excitation was used. In MW duty
cycle variation experiments in NH3, for instance, an increase of nitrogen grafting was found for a decreasing
duty cycle, see figure 4.15. It could be understood if the ratio of atomic hydrogen to N-grafting species decreases
with decreasing duty cycle. Also the observed decrease of the primary amino efficiency could support a reduced
atomic hydrogen content in the discharge, since all amino-grafting mechanisms discussed before, except NH
insertion, heavily depend on its presence in the discharge.

The proposed behaviour of the ratio of atomic hydrogen to N-grafting species could be explained as follows:
Differently to the NH3 decomposition, which was quasi independent of the plasma pulse duration, the production
of reactive species depends on the duration of the plasma pulse. This must be due to the production of secondary
products, e.g. N and H, from primary products of NH3 decomposition, e.g. NH2 and NH, which becomes an
effective production channel for longer plasma pulses only.

In mixtures of N2 and H2, on the other hand, no secondary decomposition may enhance the concentrationin N2+H2

of reactive species in the gas phase. H and N (or metastable N2) are already primary products of the plasma.
As the duty cycle model showed, their concentrations can be described via the relation of plasma pulse duration
to the characteristic dissociation (activation) and decay times of the transient species. The concentration ratio
exhibited a small dynamic range for pulse durations down to 1 ms, see figure 4.17.

Effects of hydrogen admixture

The nitrogen grafting by pulsed MW and cw RF plasmas in mixtures of NH3+H2 was more efficient than by
stoichiometrically equivalent N2+H2 plasmas. This suggests that either fragments of NH3 decomposition, like
the NH and NH2 radicals, are more efficient in grafting nitrogen functional groups than active nitrogen species
from N2, or that less atomic hydrogen is produced from pulsed MW and RF plasmas in NH3 than from H2.
For cw MW discharges both types of gas mixtures can be expected to perform similarly, as was observed for
NH3 and N2+3H2.

For high concentrations of hydrogen in a discharge, the suggested mechanism of NH2 attachment provides
an explanation for the surprisingly high efficiency for grafting of primary amino groups, NH2/C. Likewise, the
selectivity NH2/N was found to increase with the hydrogen concentration in the discharge.
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5.2 Conclusions
The present work investigated surface modification of polymers by means of plasma processing. The work fo-
cused on two main topics: A study of the performance of anisothermal plasmas in gases containing nitrogen
and/or hydrogen for the creation of nitrogen and amino functional groups, including a re-evaluation of the avail-
able surface diagnostic, and an investigation of the reaction mechanisms that lead to surface functionalisation.
For this purpose, the many aspects of surface functionalisation were studied, ranging from plasma excitation,
over gas phase and surface diagnostics, to extended process parameter variation studies.

Different modes of plasma excitation by cw and pulsed MW and cw RF fields were compared spectro-
scopically in glow and afterglow processing experiments. Although a large effort was spent to characterise
the gas phase, the number of detected species was, like in most contemporary plasma studies, not sufficient
to unambiguously identify the main heterogeneous reaction mechanisms of surface functionalisation. How-
ever, a detailed numerical analysis of the rich experimental data, backed by advanced spectroscopy of selected
gaseous species, allowed to suggest a probable scenario for the mechanisms that govern the grafting of amino
and nitrogen surface functionalities.

The re-evaluation of the employed amino detection method was initiated by the limited grafted density of
amino functional groups of 3�4% that was observable in a wide range of parameter variations. The development
of a reconstruction algorithm for the element depth profile from angle-resolved XPS data brought a new aspect
into the discussion.

In the following, the most important results of the present work will be briefly concluded. More discussion
can be found in section 5.1.4.

5.2.1 Assessment of experimental results

The performance of a large number of plasma excitation modes and gas mixtures has been studied with respect
to grafting of amino and nitrogen functionalities on polymers. The reliability of the experimental series prof-
ited significantly from the clean reaction environment of the new UHV reactor system, which was put into
operation in the scope of this work. The possibility to perform quasi in situ XPS surface analysis allowed to dis-
tinguish surface modifications by the plasma and by atmospheric post-process reactions. The most interesting
experimental results of this work will be briefly resumed.

5.2.1.1 Plasma diagnostics

It could be demonstrated that tunable diode laser infrared absorption spectroscopy (TDLAS) is a sensitive and
reliable method to absolutely determine the concentration of NH3 in the gas phase. By the help of a Heriott
multipass cell of about 8 m path length, it was possible to detect the NH radical in the glow of a cw MW plasma
in NH3. In the scope of this work, selected MW-excited plasmas in H2 and in NH3 were quantified absolutely
with respect to the concentration of atomic hydrogen in the plasma afterglow by TALIF (in collaboration with
X. Duan) and with respect to the vacuum-UV emission intensity from the plasma glow (in collaboration with
G. Babucke). TALIF in pulsed MW plasmas gave valuable information on the characteristic creation and
decay times of atomic hydrogen in the reactor. Optical emission spectroscopy, on the other hand, was applied
successfully to identify correlated trends of the emission of selected gaseous species and the grafting behaviour:
For hydrogen admixture to nitrogen-containing discharges, the efficiency of nitrogen grafting was found to be
correlated to the emission intensity of N2�C � B�. Likewise, the selectivity of amino grafting was correlated
to the emission intensity ratios of HΑ over NH�A � X� and HΑ over N2�C � B�. In MW duty cycle variations
in NH3, on the other hand, the efficiency of amino grafting increased with the emission intensity of HΑ and
selectivity of the amino grafting was correlated to the intensity ratio of HΑ over NH�A � X�.

5.2.1.2 Surface diagnostics

The XPS surface diagnostics was critically re-evaluated in this work. Reasons for its semi-quantitative character
were discussed in detail, especially with respect to the observed upper limit of the surface density of amino
groups. Important input to this discussion came from angle-resolved XPS measurements. To completely ac-
cess the information content of angle-resolved XPS data, a numerical algorithm was developed to reconstruct
the element density profile. This required to solve a so-called ill-posed inverse problem. Angle-resolved XPS



5.2 CONCLUSIONS 101

analysis revealed a more shallow depth profile for fluorine-labelled amino groups than for nitrogen and oxygen
functional groups. This causes the amino functionalisation to be underestimated if the surface density is nor-
malised to that of deeper ranging elements. The more shallow depth profile of fluorine-labelled amino groups
may either be caused by a limited surface functionalisation depth of the plasma process or by a limited depth of
the chemical derivatisation reaction that was employed to label them.

If the depth profile of two species is unknown, then it is problematic to interprete the ratio of their XPS
signals as a surface density. The angle-resolved XPS measurement can help to provide the missing information.
Problems related to the suspected limited labelling depth are difficult to overcome if no alternative detection
methods exists to tag the functionality. Wet-chemical derivatisation or fluorescence labelling reactions for
amino groups may be a better solution provided they employ aequous solvents. These solvents would label
primarily those groups that are relevant in aequous applications of the functionalised surface and could lead to
more realistic estimates of the surface density, e.g. in biomaterial applications.

5.2.1.3 Surface functionalisation

The surface functionalisation results on polystyrene of discharges in mixtures of NH3 and H2 have been system-
atically compared to those in N2 and H2. The functionalisation progress of the three studied modes of plasma
excitation was found to be similar with respect to the NH3 conversion rate. Provided, the plasma was excited
suitably, both types of gas mixtures were found to be able to realise highly efficient nitrogen grafting, or, alter-
natively, efficient and highly selective amino grafting. Highly efficient nitrogen grafting in combination with
efficient amino grafting, on the other hand, was only be achieved by cw RF and pulsed MW plasmas in pure
NH3.

The studied plasma modes comprised cw and pulsed MW, as well as cw RF excitation. Their comparison
showed that in the majority of experiments MW plasmas were more efficient than cw RF plasma in grafting
primary amino groups. This appears to be partially due to comparing afterglow MW to glow RF processes as a
study of the role of the distance between plasma glow and polymer surface showed. Also the effects of a process
pressure variations were investigated.

The achievements of the present work in surface functionalisation will be briefly concluded in the following.

5.2.1.3.1 Nitrogen grafting

Nitrogen efficiency The maximum nitrogen surface densities that were grafted to polymers in this work are
state-of-the-art, compared to values reported in the literature. A pulsed MW plasma of 1 ms pulse and 100 ms
pause duration required 40 s effective treatment duration in �11�1�Pa NH3 to graft an average in situ density of
�28 � 3�% N/C on 8 different types of polymers. MW-excited plasmas in pure nitrogen grafted higher nitrogen
densities, for instance �35 � 4�% N/C in situ within 9.6 s cw operation, than discharges containing nitrogen and
hydrogen, including NH3. For cw RF excitation, discharges in NH3 were found to be more efficient in grafting
nitrogen than discharges in N2 with or without hydrogen admixture. �28 � 3�% and more N/C in situ were
obtained for at least 30 s treatment duration at �11 � 1�Pa.

For comparison, Foerch et al. [117] reported an ex situ nitrogen density of 23% N/C on polyethylene after
a remote MW plasma treatment in pure nitrogen. Favia et al. [1] obtained 21% N/C ex situ on polyethylene in
the glow of an NH3 RF discharge. Zabeida et al. [49] achieved a nitrogen grafting efficiency of N/C � 22.5%

on polyethylene-terephthalate (PET) in a pulsed RF discharges in pure nitrogen.
In oxygen-free plasmas, the in situ surface densities of nitrogen and oxygen surface density were found to

be anti-correlated. This indicates a malign effect of oxygen, originating from the reaction environment, on the
grafting of nitrogen. For very low in situ oxygen surface densities, more than 33% N/C in situ could be grafted
by a pulsed plasma in NH3. On contact to the atmosphere, about 27% (averaged over 55 samples) of the in
situ-detected nitrogen functional groups decayed on a short time scale.

Nitrogen selectivity In pure N2 discharges the selectivity for grafting of non-amino nitrogen groups was
highest compared to discharges containing hydrogen and nitrogen.

5.2.1.3.2 Primary amino grafting

The observed upper limit of 3 � 4% primary amino groups on functionalised polymer surfaces is most probably
caused by the detection method which employs chemical derivatisation and non-angle-resolved XPS analysis.
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In this work, primary amino groups were only detectable by XPS after a labelling by fluorine in an ex situ
gas phase derivatisation reaction. This is a source of several systematic experimental uncertainties. Firstly, no
in situ detection of amino groups was possible. Therefore, the amount of amino groups lost in rapid oxidation
processes on contact to the air could not be determined, see also footnote (1) on page 88. Secondly, the depth
from which the carbon and the nitrogen XPS signals were collected was found to be significantly larger than
that of fluorine. Either the depth of amino grafting or that of the chemical derivatisation reaction limited depth
of the fluorine XPS signal. Consequently, any surface density expressed by the ratio of the fluorine signal to
carbon or nitrogen underestimates the density of fluorine close to the surface. Both effects may be reasons for
the observed limit of the amino grafting efficiency.
Amino efficiency Of all investigated modes of plasma excitation, the cw MW plasma yielded the highest
efficiency for primary amino groups, NH2/C. This efficiency was determined by standard XPS analysis after
TFBA derivatisation and did in any case significantly exceed a NH2/C ratio of 3 � 4%. The cw MW plasma
yielded the highest amino efficiency of all investigated modes of plasma excitation. As was pointed out before,
this ratio of two averaged surface densities is believed to underestimate the true ratio close to the surface.
However, already a density of 3% primary amino groups belongs to the best values ever reported in literature.
Angle-resolved XPS revealed that the density profile of fluorine is smaller than the sampling depth of standard
XPS. However, the estimation of an alternative superficial amino densities in table 4.3, averaged over 1 nm
only, is well beyond the limit of 4%.
Amino selectivity In the scope of this work, plasma processes have been developed that grafted primary
amino groups with about 100% selectivity with respect to other nitrogen functionalities, i.e. all grafted nitrogen
is grafted in form of primary amino groups. In contrast to lower values of the selectivity, the semi-quantitative
character of the amino and nitrogen surface densities does not affect this maximum value.

Some of the processes that achieved 100% selectivity, however, appear not suited for practical applications
in mass production. The short cw MW NH3 plasma process reported in figure 4.8, for instance, requires an
UHV-compatible equipment to ensure a low contamination of the process by oxygen. Most promising processes
in this respect are cw MW plasmas that contain little nitrogen and much atomic hydrogen in figure 4.13 and
the high-pressure process in figure 4.21.

5.2.1.4 Transferability of the developed functionalisation processes

Alternative reaction environments The malign influence of oxygen impurities on nitrogen grafting, which
was reported by other authors before, could clearly be shown in this work, see figure 4.23. It explains why the
transfer of the functionalisation processes which were developed in an ultra high vacuum (UHV) environment
to a fine vacuum (FV) plasma reactor failed to reproduce the high grafting efficiencies for amino and nitrogen
functionalities of this work, see section 4.2.6.1. A high air leak rate together with atmospheric water films
on reactor walls and on directly-introduced samples are a source of oxygen-containing species to the plasma.
Especially, short-duration plasma treatments below 1 s failed completely in the fine vacuum environment to
achieve comparable functionalisations, see figure 4.24.
Other polymers than polystyrene Surface functionalisation of 8 unfluorinated polymer types showed a
good transferability of a plasma process that was originally developed for polystyrene. For this universality of
plasma functionalisation, the following reason can be suggested: The reactivity of nitrogen and amino grafting
species is so high that they hardly distinguish between different unfluorinated polymer structures. In addition,
atomic hydrogen is, in principle, able to destruct differences in the polymer structure by breaking aromatic
rings, crosslinking polymer chains of varying molecular weight, and hydrating unsaturated hydrocarbons. Flu-
orinated polymers, on the other hand, exhibiting a higher chemical inertness, can be expected to principally
show a different behaviour in hydrogen-nitrogen-containing discharges.

Differences in the nitrogen grafting must not necessarily be due to the polymer structure: The polymer
itself can be source of oxygen impurities which were reported not negatively affect nitrogen functionalisation.
The surface quality and the degassing behaviour of the polymer material thus crucially determine the efficiency
of amino and nitrogen incorporation.

5.2.1.5 Surface passivation

The passivation of a functionalised surface was achieved by a hydrogen plasma. The surface density of nitrogen
and oxygen functional groups were efficiently reduced, as in situ XPS analysis showed. On contact to the atmo-
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sphere, however, post-process oxidation was encountered. So, unless the open bonds that are created during the
passivation process are saturated, a hydrogen plasma is not suited to create inert, hydrogen-terminated polymer
surfaces. A partial saturation could be achieved by the polymer itself, if dangling bonds cross link. However,
tempering of activated polymer surface in UHV did not significantly reduce post-oxidation. Approaches of this
work to saturate open sites by surface-radical-initiated polymerisation were not successful. Section 5.3 suggests
the use of methyl radicals as radical scavengers.

Further, the drastic effect atomic hydrogen has on the integrity of electron orbital symmetry of aromatic
rings in polystyrene was investigated and compared to the effect of VUV radiation.

5.2.1.6 Plasma-induced surface damage and durability of products

Monitoring of the phenyl ring density of polystyrene surfaces revealed that the glow of cw RF plasmas caused
less damage to the ring integrity than remote cw MW plasma processing. The effect of ring rupture by energetic
ions in the RF plasma did not outweigh the ring hydration efficiency of atomic hydrogen in the more powerful
MW plasma.

For practical applications the temporal stability of functional groups is of fundamental importance. On
contact to the atmosphere, drastic post-process changes were observed. This observation was possible by the
integration of the XPS into the UHV reactor system. It allowed quasi in situ XPS analysis. Nitrogen and amino
functional groups were found to dissappear due to different processes that operate on a fast (minutes) and a
slow (days) time scale. Amino groups, for instance, can be destroyed by oxidation with atmospheric oxygen to
amides or by reactions with neighbouring peroxides.

Reactive plasma species affect the integrity of polymer surfaces by creation of surface radicals, and polymer
chain or aromatic ring scission. Mass loss and crosslinking change the polymer structure irreversibly. If exposed
to atmospheric oxygen, open reaction sites oxidise or initiate autoxidation.

5.2.2 Present understanding of plasma modification of polymers

The amination model which was developed for discharges in N2+H2 confirmed the usefulness of the three
new grafting mechanisms for primary amino groups that were suggested in section 5.1.2.2.1: Fragmentation-
affected selective etching, insertion of NH, and attachment of NH2. Together with direct grafting nitrogen
groups by active nitrogen, the modelled scenario was able to explain the observed amino and non-amino grafting
behaviour. The selective etching mechanism as proposed in reference [1] was extended to the mechanism of
fragmentation-affected selective etching in the present work in order to explain observations in passivation
experiments. The mechanism assumes a selective removal of nitrogen functional groups by radical reactions of
atomic hydrogen and a low conversion rate to amino groups. For intermediate stoichiometric concentrations
of hydrogen and nitrogen, the insertion of NH provides a possible explanation for the observed primary amino
surface densities. For high concentrations of hydrogen, NH2 attachment can explain the surprisingly high
surface density of primary amino groups. Other mechanisms that lead to nitrogen grafting on polymers were no
further differentiated. They are considered to unselectively graft various nitrogen groups by different nitrogen-
containing species.

To apply the newly-suggested reaction mechanisms on the experimental data from discharges containing
NH3 would require a model for the decomposition of NH3 by the plasma. This fragmentation should critically
depend on the vibrational excitation of NH3 and the EEDF of the plasma. It is therefore not a trivial task to
develop such a model. Another complication arises from the rapid change of the gas composition after plasma
ignition due to NH3 decomposition.

A new test of the suggested reaction mechanisms, more stringent than was achievable by this work, would
require to extend the gas phase diagnostics. Quantification of NH and NH2, combined with diagnostics of
atomic nitrogen and metastable N2 could lead to a breakthrough in the understanding of the surface function-
alisation of polymers. Examples of successful detection of these species are: Atomic nitrogen [175], atomic
hydrogen [110], NH2 [103], and metastable N2 [179] could be quantified by TALIF or LIF. NH has been
detected by absorption spectroscopy [93] and TDLAS, see section 3.2.2.2.2 of this work.

Pulsed plasma excitation

The shortest MW plasma pulses that could be generated by the present setup of the MW source had a durationPulsing
time scale
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of 300 Μs. The power balance in figure 4.4 indicates that down to 1 ms pulse duration the plasma practically
behaves like an interrupted cw discharge, thus the electron kinetics is hardly affected by the pulsing and also
effects from the ignition phase can be neglected. The pulsing of the plasma was found to mainly affect the
decomposition rate of molecular gases. This has important consequences for the composition of the gas phase
in a flowing reactor with permanent gas exchange.

The comparison of duty cycle variations in NH3 and the stoichiometrically equivalent mixture of N2+3H2
Role of

gas exchange

in section 4.2.3 gave an important clue about the role of progressing decomposition of the initial gas mixture.
For discharges in N2+3H2 the density of nitrogen groups was found to be quite independent of the duty cycle.
This could be understood in the frame of the duty cycle model in section 5.1.3.2. Contrary to the findings
in N2+3H2, in experiments using NH3 large variations in the surface modification were obtained. These are
believed to be caused by the progressing decomposition of NH3 with the efficient treatment duration, see section
2.1.2. The gas exchange, however, proceeds with the total treatment duration. The total treatment duration
increases with decreasing duty cycle. This provides additional time for a renewal of NH3 by gas exchange. Thus,
in a flowing reactor, a processes at larger duty cycle causes larger NH3 decomposition. This can be expected to
lead to an increased density of atomic hydrogen in the discharge, thus explaining the increased selectivity for
amino groups in cw MW discharges in NH3, compared to pulsed excitation.

5.2.3 Benefits and drawbacks of plasma surface modification

In conclusion it can be stated that plasma processing of polymer surfaces in gases containing nitrogen and
hydrogen exhibits important advantages over conventional wet-chemical processing:

0 The efficiency of the functionalisation can be controlled in a wide range
0 For primary functional groups the selectivity can be controlled
0 A large number of polymer types has been successfully modified by the same process
0 Only a thin surface layer is modified, the bulk properties are maintained
0 The surface is sterilised during the process
0 Only small amounts of high-purity processing gases are required as reagents
0 No aggressive solvents have to be handled

The disadvantages of plasma surface modification of polymers include:

� The plasma chemistry in the gas phase and on the surface is complex
� The variety of surface groups generated by the plasma is generally large
� A high selectivity can be achieved for few functional groups, only
� Polymer surfaces are generally left in an activated state that leads to post-process oxidation
� The requirements for the process purity are high
� The processing equipment is expensive
� Processing of samples of complicated shape may be difficult

5.2.4 Relevance of the present work to related disciplines

The investigations of this work on polymer surface modification are of direct relevance to a number of related
disciplines. Plasma processes developed in the scope of this work have been already applied to the following
fields of active research.

Polymer material research

The most traditional applications of nitrogen-functionalised polymers is found in adhesion technology. It
generally aims at improving the glueability, printability, and metalliseability of polymers. The development of
high-tech compound polymer materials aims at embedding heat and/or electrically conductive fibres of excellent
mechanical properties to improve the polymer properties. The most advanced fibre material in this respect
are vapour-grown carbon fibres (diameter about 10 Μm) and hollow (multi-wall) carbon nanotubes (diameter
about 100 nm). The properties of the compound material concerning strength and heat conductivity can be
significantly improved if the carbon fibres exhibit surface functionalities that allow to bond them chemically to
the polymer matrix. For reference [218], the carbon nanotubes were subjected to the pulsed MW and the cw RF
plasma treatments in NH3 and in N2, that were developed in this work. Discharges in NH3 were more efficient
than those in N2 in incorporating nitrogen to the highly-inert fibre surface. About 4% nitrogen resulted.
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Cell Density
Surface in 1/ mm2 Samples

native polystyrene 259 � 85 6
commercial PRIMARIATM 856 � 169 6
polystyrene, functionalised in this work 941 � 163 23

Table 5.4: Densities of KB cells on different substrates 24 h after seeding.

Figure 5.8: Pattern-guided culture of KB cells
on partially plasma-passivated tissue culture
dishes (PRIMARIATM) as reported by [54].

Biomaterial research

Biomaterial research developed an advanced branch of adhesion science: The investigation of the complex ad-
hesion process of biological cells. Many cell types require adherence for good proliferation and cell culture
development. Biomaterial research aims at controlling the adhesion behaviour of selected cell types.

In biological systems, amino groups are of special importance. In cell culture experiments that were per-
formed in the frame of this work, high densities of biological cells resulted on amino-functionalised polystyrene
petri dishes. The obtained densities, reported in table 5.4, exceed that of the commercial tissue culture mate-
rial PRIMARIATM, and of the functionalisation process developed in reference [54], which was on the level of
PRIMARIATM. The non-toxicity of the plasma functionalisation has been shown [69]. Also the advanced poly-
mer material polyetherether-ketone (PEEK) was functionalised successfully. Its excellent mechanical properties
nominate it as candidate for a new long-term implant material [212].

Passivation of a functionalised surface by a hydrogen plasma, on the other hand, had been shown to signifi-
cantly reduce cell adhesion, see e.g. reference [54]. By covering a functionalised polymer surface with a laser-cut
metallic mask the passivation process has been shown to generate chemical micropatterns that guide the culture
development of a multitude of cells types [66, 219], see figure 5.8.

5.3 Future Research
This work stimulated a whole set of suggestions for subsequent research and will be concluded by their brief
presentation.

Improving the gas phase diagnostics

An extended gas phase diagnostics is the key to a better understanding of volume and surface reactions of
transient plasma species. The most relevant species in discharges containing nitrogen and hydrogen are atomic
nitrogen, atomic hydrogen, metastable molecular nitrogen, ..NH, and

.
NH2.

In this respect, it is important to re-evaluate the detection of the NH radical that was achieved by this work.
The method should be easily extendible to the NH2 radical. For an appropriate power density, a cw RF plasma
in NH3 can be an efficient source of

.
NH2, according to reference [103].

Improving the surface diagnostics

The plasma functionalisation depth of polymers should be investigated in more detail, using angle-resolved XPS
analysis. In this context, it is important to study the depth of different derivatisation reactions for labelling
primary amino and other functional groups. It appears desirable to better define the term surface density for
functionalised surfaces in contact to liquids. This could require to correlate results of fluorescence labelling of
functional groups to their depth profile data obtained by XPS.

Investigation of the effects of individual species

The complex interaction of the numerous reactive species in plasmas makes it difficult to investigate their
individual contribution to surface modification. The dominating mechanisms of polymer modification could
alternatively be studied by radical sources. The NH radical could be generated by UV/VUV decomposition of



106 5 DISCUSSION, CONCLUSIONS AND PERSPECTIVES

molecular precursors like ammonia [162]. Optimised gas discharges could become a selective source of NH2

radicals if ions are deflected from the surface [103]. The creation of surface radicals by atomic hydrogen on
polymers and the hypothetical mechanism of NH2 attachment could be studied in direct analogy to reference
[111]. For the hypothetical NH insertion mechanism for the grafting of primary amino groups, it may be
interesting to study whether the grafting rate depends on the degree of hydration, i.e. chemical saturation, of
the polymer.

Determination of heterogeneous reaction rates would require absolute gas phase diagnostics to estimate the
flux incident of radicals. For reactions of nitrogen-containing species with polymers, it could be supported by
the detection of products of surface reactions, e.g. HCN, see reference [220], or CN.

Reducing post-plasma surface processes

Surface radicals are the driving force behind autoxidation of polymers. If they could be quenched efficiently,
this would have important consequences for many applications of plasma-modified polymers. Especially the
methyl radical appears to be a promising candidate to saturate open reaction sites without introducing new
surface functionalities, see reference [111] for a way to produce methyl.

Extending the simulation

In this work, no comprehensive modelling of the gas phase chemistry was undertaken. The reason for this can
be found in the spatial localisation of the plasma glow inside a large reactor volume. Also the spares information
on concentrations of gaseous species did not justify too complex a simulation. Gas exchange with the buffer
volume determine the temporal development of species concentrations. These effects could not be simulated by
the available �0 � 1�-dimensional software, i.e. 0-dimensional in space and 1-dimensional in time, for chemical
reaction kinetics [210]. A �2 � 1�-dimensional software is required, capable of simulating the chemical reaction
kinetics together with the hydrodynamics of the reactor. Eventually, also surface processes should be included.
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[105] I. Armenise, M. Capitelli, E. Garcia, C. Gorse, A. Laganà, and S. Longo. Deactivation dynamics of vibrationally excited nitrogen
molecules by nitrogen atoms: effects on non-equilibrium vibrational distribution and dissociation rates of nitrogen under electrical
discharges. Chem. Phys. Lett., 200:597–604, 1992.

[106] S. Bockel, G. Baravian, and A. Ricard. Production of active species in N2-H2 DC and HF flowing discharge. Le Vide, 275:32–35,
1995.

[107] A. Ricard. The production of active plasma species for surface treatments. J. Phys. D: Appl. Phys., 30:2261–2269, 1997.

[108] A. Ricard, T. Czerwiec, T. Belmonte, S. Bockel, and H. Michel. Detection by emission spectroscopy of active species in plasma-
surface processes. Thin Solid Films, 341:1–8, 1999.

[109] A.-M. Diamy, L. Hochard, J.-C. Legrand, and A. Ricard. Concentrations of active species in the flowing afterglow of a nitrogen
microwave plasma. Plasma Chem. Plasma Processing, 18(4):447–460, 1998.

[110] X. Duan. Diagnostic Study of Hydrogen in Large-sized Microwave Plasma Reactors by Two-Photon Absorption Laser-induced Fluorescence. PhD
thesis, Ernst-Moritz-Arndt-Universität Greifswald, Germany, 2001.

[111] A. von Keudell, T. Schwarz-Seliger, M. Meier, and W. Jacobs. Direct identification of the synergism between methyl radicals and
atomic hydrogen during growth of amorphous hydrogenated carbon films. Appl. Phys. Lett., 76(6):676–678, 1999.

[112] J.R. Hollahan, B.B. Stafford, R.D. Falb, and S.T. Payne. Attachment of amino groups to polymer surfaces by radiofrequency
plasmas. J. Appl. Polymer Sci., 13:807–816, 1969.

[113] D.S. Everhart and C.N. Reilley. Chemical derivatisation in electron spectroscopy for chemical analysis of surface functional groups
introduced on low-density polyethylene film. Anal. Chem., 53(4):665–676, 1981.

[114] Y. Nakayama, T. Takahagi, F. Soeda, K. Hatada, S. Nagaoka, J. Suzuki, and A. Ishitani. XPS analysis of NH3 plasma-treated
polystyrene films utilizing gas phase chemical modification. J. Polymer Sci.: Part A: Polymer Chem., 26:559–572, 1988.

[115] J. Lub, F.C.B.M. van Vroonhoven, E. Bruninx, and A. Benninghoven. Interactions of nitrogen and ammonia plasmas with
polystyrene and polycarbonate studied by x-ray photoelectron spectroscopy, neutron activation analysis and static secondary ion
mass spectrometry. Polymer, 30:40–44, 1989.

[116] R. Foerch, N.S. McIntyre, and D.H. Hunter. Two-step plasma sensitized reactions. J. Polymer. Sci. A: Polymer Chem., 28:803–809,
1990.

[117] R. Foerch, N.S. McIntyre, R.N.S. Sodhi, and D.H. Hunter. Nitrogen plasma treatment of polyethylene and polystyrene in a remote
plasma reactor. J. Appl. Polymer Sci., 40:1903–1915, 1990.
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[186] M. Käning. Emissionsspektroskopische Charakterisierung von Mikrowellenplasmen. PhD thesis, Ernst-Moritz-Arndt-Universität Greif-
swald, 1996.

[187] G. Cicala, M. Creatore, P. Favia, R. Lamendola, and R. d’Agostino. Modulated RF discharges as an effective tool for selecting
excited species. Appl. Phys. Lett., 75(1):37–39, 1999.

[188] A.N. Saidel, W.K. Prokofjew, and S.M. Raiski. Spektraltabellen. Verlag Technik, Berlin, 1961.

[189] K. Behringer and U. Fantz. Spectroscopic diagnostics of glow discharge plasmas with non-maxwellian electron energy distributions.
J. Phys. D: Appl. Phys., 27:2128, 1994.
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Chemnitz-Zwickau, 1995.

[209] V.B. Ivanov, J. Behnisch, A. Holländer, F. Mehdorn, H. Zimmermann, and V.B. Ivanov. Determination of functional groups on
polymer surfaces using fluorescence labelling. Surf. Interface Analysis, 24:257–262, 1996.

[210] A. Levchenko and G. Alexeev. KINEL — Chemical Kinetic Modelling Program, Version 4.2, 1994.
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A
Technical Data of the

Experimental Equipment

� Processing gas purity

– Class 5 : H2, N2, Ar

– Class 4.5: NH3

� UHV reactor vacuum system

– Plasma reactors, magazine and load locks: turbo molecular drag (250 � s�1), Pfeiffer, Germany, and oil-free diaphragm
(2 m3 h�1) vacuum pumps, Vacuubrand GmbH&Co KG, Germany

– Vacuum tunnel: turbo molecular drag (1000 � s�1) and oil-free diaphragm (4 m3 h�1) vacuum pump, Pfeiffer, Germany

– Surface analytics chamber: ion getter and booster pump (260 � s�1 and 1000 � s�1), Physical Electronics GmbH, Germany

� MW generator

– Model SMP20KED, Sairem S.A., France, 2 kW, 9Μs specified rise time

� RF generator

– Model T36, Dressler GmbH, Germany, 13.65 MHz, 600 W at 502

� XPS device

– Model EA125 U5, Omicron GmbH, Germany

– Analyser angle 8.5�

– X-ray source: Mg kΑ 1253.5 eV line

� TDLAS laser unit

– Unit manufacturer: mü-tec GmbH, Germany

– Diode Laser supplier: Laser Components GmbH, Olching, Germany

– MCT mid-IR detector, Graseby-Specac Ltd., United Kingdom

– Lock-in amplifier, Stanford Research Systems, U.S.A.

� FTIR device

– Model IFS 66v/S with Globar mid-IR source, Bruker Analytik GmbH, Germany

� OES spectrometer

– Monochromator model: Acton 500, Acton Research Corp., U.S.A.

– Camera model: Ion-coupled charge device ICCD 576G/1 Princeton Instruments, U.S.A

– Pulsegenerator PG-200, Princeton Instruments, U.S.A.

– Software WinSpec version 1.6, Princeton Instruments, U.S.A
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B
XPS Peak Positions

Functional C 1s Electron
Group Bond Type Binding Energy

saturated C�C 285.00 eV
unsaturated C��C 284.7 eV
Ether C�O�C 286.5� 0.3 eV
Hydroxyl C�OH 286.6� 0.2 eV
Ketone (in PEEK) C��O 287.1� 0.1 eV
Ketone/Carbonyl C��O 287.9� 0.1 eV

O�C�O 287.9� 0.1 eV
Carboxyl C�OOH 289.3� 0.1 eV
Π � Π� (shake up) R 291.5� 0.3 eV

Nitro C�NO2 285.8 eV
Nitrile C���N 286.7 eV
Nitrate C�ONO2 287.6 eV
Oxime C��NOH 287.8 eV

Fluor C�F 287.9 eV
Fluor C�F2 290.9 eV
Fluor C�F3 292.7 eV

Table B.1: Carbon 1s electron binding energies [202]

N 1s Electron
Functional Group Structure Binding Energy

Nitriles C�C���N 399.3� 0.2 eV
Oximes C��NOH 400.5 eV
Nitroso C�N��O 403.7 eV
Nitro C�NO2 405.9� 0.4 eV
Nitrate C�ONO2 408.2 eV

Table B.2: Nitrogen 1s electron binding energies [51]
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C
Reaction Coefficients

Table C.1: List of various gas phase reaction rates in systems containing nitrogen and hydrogen. The reaction rate is ko � Tn � exp��Ea/T� for
Ea and T in K. In this work, no comprehensive modellation of the gas phase chemistry was undertaken. The reason for this is the spatial
localisation of the plasma glow in a large reactor volume. Exchange processes with the buffer volume completely change the temporal
development of species concentrations. This could not be simulated by the available software [210].

Reaction ko n Ea Ref. Valid Range

molecular nitrogen reactions
N2+M � 2N+M 6.14�10�3 cm3 s�1 �1.6 113300 K [223]
N�2+N � N2(X)+N 5.00� 10�11 cm3 s�1 0 0 K [210]

N2(A)+N(S) � N2(X)+N(S) 2.00� 10�12 cm3 s�1 0 0 K [78]
N2(A)+N(S) � N2(X)+N(P) 1.80�10�9 cm3 s�1 �1.7 0 K [78]

N�2+N2 � 2N2(X) 2.70� 10�11 cm3 s�1 0 0 K [210]
N2(A)+N2(X) � 2N2(X) 3.80� 10�16 cm3 s�1 0 0 K [78]

2N2(A) � N2(X)+N2(B) 7.00� 10�11 cm3 s�1 0 0 K [78]
2N2(A) � N2(X)+N2(C) 1.50� 10�10 cm3 s�1 0 0 K [78]
2N2(A) � N2(X)+2N 3.00� 10�11 cm3 s�1 0 0 K [78]

N2(A)+N2(X,v36) � N2(X)+N2(B) 3.00� 10�11 cm3 s�1 0 0 K [78]
N2(B)+N2(X) � N2(A)+N2(X) 3.00� 10�11 cm3 s�1 0 0 K [78]
N2(B)+N2(X) � 2N2(X) 2.00� 10�12 cm3 s�1 0 0 K [78]
N2(a’)+N2(X) � N2(B)+N2(X) 1.90� 10�13 cm3 s�1 0 0 K [78]
N2(a’)+N2(A) � N�

4+e 3.20� 10�12 cm3 s�1 0 0 K [78]
2N2(a’) � N�

2+N2+e 1.00� 10�11 cm3 s�1 0 0 K [78]
2N2(X,v316) � N2(a’)+N2(X) 2.10� 10�14 cm3 s�1 0 700 K [78]

N2(a’)+M � N2(a)+M 1.82� 10�11 cm3 s�1 0 1700 K [78]
N2(a)+M � N2(a’)+M 9.10� 10�12 cm3 s�1 0 0 K [78]

N2(C)+N2(X) � N2(a’)+N2(X) 1.00� 10�11 cm3 s�1 0 0 K [78]
N2(a”)+N2(X) � 2N2(X) 2.30� 10�10 cm3 s�1 0 0 K [78]

N�2+H2 � N2+2H 3.80� 10�15 cm3 s�1 0 0 K [210]
N2(A)+H � N2(X)+H 5.00� 10�11 cm3 s�1 0 0 K [78]

N2(A)+H2 � N2(X)+2H 2.00� 10�10 cm3 s�1 0 3500 K [78]
N�2 +NH3 � NH2+H+N2 4.60� 10�11 cm3 s�1 0 0 K [210]
N�2 +NH3 � NH+H2+N2 9.00� 10�11 cm3 s�1 0 0 K [210]
N�2 +NH2 � N2(X)+NH+H 1.66� 10�11 cm3 s�1 0 0 K [210]

N2(A)+NH3 � N2(X)+NH3 1.60� 10�10 cm3 s�1 0 0 K [78]
N2(B)+H2 � N2(A)+H2 2.50� 10�11 cm3 s�1 0 0 K [78]
N2(a’)+H � N2(X)+H 1.50� 10�11 cm3 s�1 0 0 K [78]

N2(a’)+H2 � N2(X)+2H 2.60� 10�11 cm3 s�1 0 0 K [78]
N�

2+H2 � N2+H�
2 4.10� 10�10 cm3 s�1 0 0 K [210]

N�
2+H2 � HN�

2+H 1.70�10�9 cm3 s�1 0 0 K [78]
N�

2+H � H�+N2 2.50� 10�10 cm3 s�1 0 0 K [210]
N�

2+N � N�+N2 1.00� 10�11 cm3 s�1 0 0 K [210]
N�

2+N+M � N�
3+M 3.00� 10�27 cm6 s�1 0 0 K [210]

N�
2+N+M � N�

4+M 1.50� 10�26 cm6 s�1 0 0 K [210]
continued(
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( continued
Reaction ko n Ea Ref. Valid Range

N�
2+N2+M � N�

4+M 1.50� 10�29 cm6 s�1 0 0 K [210]
N�

2+2N2 � N�
4+N2 5.00� 10�29 cm6 s�1 0 0 K [78]

N�
2+N � N�+N2 1.00� 10�11 cm3 s�1 0 0 K [210]

N�
2+NH3 � NH�

3+N2 1.90�10�9 cm3 s�1 0 0 K [210]
N�

2+e+M � 2N+M 9.35� 10�21 cm6 s�1 �2.5 0 K [210]
N�

2+e+M � N2+M 9.35� 10�21 cm6 s�1 �2.5 0 K [210]
N�

2+e � N2 2.17� 10�10 cm3 s�1 �0.7 0 K [210]
N�

2+e � N+N 2.03�10�7 cm3 s�1 �0.4 0 K [210]
N�

2+e+M � N(S)+N(D)+M 9.35� 10�21 cm3 s�1 �2.5 0 K [210]
N�

2+e � N(S)+N(D) 2.03�10�7 cm3 s�1 �0.4 0 K [210]
N�

2+e � N(S)+N(D) 1.75�10�8 cm3 s�1 �0.4 0 K [78]
N�

2+e � N(S)+N(P) 1.72�10�9 cm3 s�1 �0.4 0 K [78]
N�

3+N+M � N�
2+N2+M 4.67� 10�19 cm6 s�1 �2.5 0 K [210]

N�
3+N � N�

2+N2 6.92�10�6 cm3 s�1 �0.5 0 K [210]
N�

3+e+M � N2+N+M 9.35� 10�21 cm6 s�1 �2.5 0 K [210]
N�

3+e � N2+N 1.21�10�5 cm3 s�1 �0.5 0 K [210]
N�

4+e+M � 2N2+M 9.35� 10�21 cm6 s�1 �2.5 0 K [210]
N�

4+e � 2N2 1.11�10�6 cm3 s�1 �0.5 0 K [78]
N�

4+N2 � N�
2+2N2 1.75� 10�16 cm3 s�1 1.0 0 K [78]

N�
4+H2 � H�

2+2N2 3.00� 10�10 cm3 s�1 0 �1800 K [78]
N�

4+H2 � HN�
2+H+N2 1.13�10�8 cm3 s�1 0 0 K [78]

N�
4+e � 2N2 6.00�10�4 cm3 s�1 �1.0 0 K [210]

atomic nitrogen reactions
N+H2+M � NH2+M 1.00� 10�34 cm6 s�1 0 0 K [78]
N+H+M � NH+M 1.00� 10�33 cm6 s�1 0 0 K [78]
2N+N2 � N2(A)+N2 1.70� 10�33 cm6 s�1 0 0 K [78]
2N+H2 � N2(A)+H2 1.70� 10�33 cm6 s�1 0 0 K [78]
2N+N � N2(A)+N 1.00� 10�32 cm6 s�1 0 0 K [78]
2N+H � N2(A)+H 1.00� 10�32 cm6 s�1 0 0 K [78]

2N+N2 � N2(B)+N2 2.40� 10�33 cm6 s�1 0 0 K [78]
2N+H2 � N2(B)+H2 2.40� 10�33 cm6 s�1 0 0 K [78]
2N+N � N2(B)+N 1.40� 10�32 cm6 s�1 0 0 K [78]
2N+H � N2(B)+H 1.40� 10�32 cm6 s�1 0 0 K [78]
2N+M � N2+M 8.30� 10�34 cm6 s�1 0 500 K [210]
2N+M � N2+M 8.30� 10�34 cm6 s�1 0 500 K [78]

N(D)+N2 � N(S)+N2 9.40� 10�14 cm3 s�1 0 0 K [210]
N(D)+N2 � N(S)+N2 2.00� 10�14 cm3 s�1 0 0 K [78]

N(P)+N � N+N 1.80� 10�12 cm3 s�1 0 0 K [78]
N(P)+N2(X) � N+N2(X) 2.00� 10�18 cm3 s�1 0 0 K [78]

N(D)+H2 � H+NH 2.30� 10�12 cm3 s�1 0 0 K [78]
N(D)+NH3 � NH+NH2 7.00� 10�11 cm3 s�1 0 0 K [210]
N(D)+NH3 � NH+NH2 1.10� 10�10 cm3 s�1 0 0 K [78]
N(P)+NH3 � NH+NH2 7.00� 10�11 cm3 s�1 0 0 K [210]

N(P)+H2 � H+NH 2.50� 10�14 cm3 s�1 0 0 K [78]
N�+H2 � H�

2+N 2.00� 10�10 cm3 s�1 0 0 K [210]
N�+H � H�+N 3.00� 10�10 cm3 s�1 0 0 K [210]

N�+N+M � N�
2+M 3.00� 10�27 cm6 s�1 �1.0 0 K [210]

N�+N2+M � N�
3+M 5.40� 10�27 cm6 s�1 �1.0 0 K [210]

N�+NH3 � NH�
3+N 1.70�10�9 cm3 s�1 0 0 K [210]

N�+e+M � N+M 9.35� 10�21 cm6 s�1 �2.5 0 K [210]

molecular hydrogen reactions
H�

2+H � H2+H� 6.40� 10�10 cm3 s�1 0 0 K [210]
H�

2+H2 � H�
3+H 2.10�10�9 cm3 s�1 0 0 K [78]

H�
2+N2 � HN�

2+H 1.95�10�9 cm3 s�1 0 0 K [78]
H�

2+NH3 � NH�
2+H+H2 1.32�10�9 cm3 s�1 0 0 K [210]

H�
2+NH3 � NH�

3+H2 5.70�10�9 cm3 s�1 0 0 K [210]
H�

2+NH3 � NH�
4+H 1.10�10�9 cm3 s�1 0 0 K [210]

H�
2+NH3 � NH�+H 1.10�10�9 cm3 s�1 0 0 K [210]

continued(



126 C REACTION COEFFICIENTS

( continued
Reaction ko n Ea Ref. Valid Range

H�
2+e � 2H 8.74� 10�8 cm3 s�1 �0.3 0 K [210]

H�
2+e � 2H 1.73� 10�9 cm3 s�1 �0.5 0 K [78]

H�
3+N2 � HN�

2+H2 1.80� 10�9 cm3 s�1 0 0 K [78]
H�

3+e � H2+H 6.13� 10�10 cm3 s�1 �1.0 0 K [78]

atomic hydrogen reactions
2H+M � H2+M 2.67� 10�31 cm6 s�1 �0.6 0 K [210]
2H+M � H2+M 1.93� 10�31 cm6 s�1 �1.0 0 K [223]
2H+M � H2+M 2.75� 10�30 cm6 s�1 �1.0 0 K [224]

2H+H2 � 2H2 2.70� 10�31 cm6 s�1 �0.6 0 K [78]
2H+H2 � 2H2 2.75� 10�31 cm6 s�1 �0.6 0 K [223]
2H+H2 � 2H2 2.76� 10�31 cm6 s�1 �0.6 0 K [224]
2H+N2 � H2+N2 2.54� 10�31 cm6 s�1 �0.6 0 K [78]
2H+N2 � H2+N2 1.48� 10�31 cm6 s�1 �1.3 0 K [223]
2H+H � H2+H 8.82� 10�33 cm6 s�1 0 0 K [223]
H�+H � H2+e 1.80� 10�9 cm3 s�1 0 0 K [210]

H�+H�
2 � 3H 6.66� 10�10 cm3 s�1 �1.0 0 K [78]

H�+H�
2+M � H2+H+M 1.28� 10�31 cm6 s�1 �2.5 0 K [78]

H�+NH3 � NH�
3+H 5.20� 10�9 cm3 s�1 0 0 K [210]

H�+e+M � H+M 9.35� 10�21 cm6 s�1 �2.5 0 K [210]
H�+e � H 1.89� 10�10 cm3 s�1 �0.7 0 K [210]

imidogen reactions
NH+H2 � NH2+H 1.66� 10�10 cm3 s�1 0 10106 K [223]

NH+H2+M � NH3+M 8.33� 10�35 cm6 s�1 1.0 �1700 K [78]
NH(X)+H2(X) � NH2(X )+H(2S) 1.66� 10�10 cm3 s�1 0 10103 K [184] 1100-1800 K
NH(X)+H2(X) � NH2(X )+H(2S) 5.39� 10�11 cm3 s�1 0 8419 K [184] 1100-1800 K
NH(X)+H2(X) � NH2(X )+H(2S) 9.96� 10�18 cm3 s�1 0 0 K [184] 300 K
NH(a)+H2(X) � NH2(X )+H(2S) 2.15� 10�11 cm3 s�1 0 5773 K [184] 296-518 K

NH+H+M � NH2+M 5.50� 10�32 cm6 s�1 �0.5 0 K [210]
NH+H+M � NH2+M 1.00� 10�32 cm6 s�1 0 0 K [78]

NH+H � N+H2 5.40� 10�11 cm3 s�1 0 165 K [78]
NH+H � N+H2 5.31� 10�11 cm3 s�1 0 167 K [224]
NH+H � N+H2 5.31� 10�11 cm3 s�1 0 164 K [223]
NH+H � N+H2 5.00� 10�11 cm3 s�1 0 0 K [210]

NH(X)+H(2S) � N(4S)+H2(X) 2.49� 10�11 cm3 s�1 0 0 K [184] 300 K
NH+M � N+H+M 4.40� 10�10 cm3 s�1 0 38019 K [223]

NH(X)+Ar � N(4S)+H(2S)+Ar 4.40� 10�10 cm3 s�1 0 38006 K [184] 3140-3320 K
NH(a)+Ar � Anything 1.99� 10�13 cm3 s�1 0 1167 K [184] 295-537 K
NH(b)+Ar � Anything 1.46� 10�16 cm3 s�1 0 0 K [184]

NH+N2H3 � N2H2+NH2 3.32� 10�11 cm3 s�1 0 0 K [210]
NH(X)+HN3(X ) � NH2(X )+N3(X ) 4.98� 10�13 cm3 s�1 0 806 K [184] 300 K

NH(a)+HN3 � Anything 1.32� 10�10 cm3 s�1 0 0 K [184]
NH(a)+HN3 � 2H(2S)+2N2(X) 1.32� 10�12 cm3 s�1 0 0 K [184]
NH(a)+HN3 � H2(X)+2N2(1M) 1.31� 10�10 cm3 s�1 0 0 K [184]
NH(b)+HN3 � Anything 6.97� 10�11 cm3 s�1 0 0 K [184]

NH+N � N2+H 5.00� 10�11 cm3 s�1 0 0 K [78]
NH+N � N2+H 1.04� 10�12 cm3 s�1 0.5 0 K [223]
NH+N � N2+H 1.10� 10�11 cm3 s�1 0.5 0 K [210]
NH+N � N2+H 2.49� 10�11 cm3 s�1 0 0 K [224]

NH(X)+N(4S) � N2(1M)+H(2S) 9.96� 10�18 cm3 s�1 0 0 K [184] 300 K
NH(a)+N(4S) � Anything 9.96� 10�13 cm3 s�1 0 0 K [184] 300 K

NH(X)+N2 � [184]N3(X ) 2.98� 10�19 cm3 s�1 0 0 K [184] 300 K
2NH � N2+H2 1.66� 10�16 cm3 s�1 1.0 0 K [223]
2NH � N2+H2 1.66� 10�16 cm3 s�1 1.0 0 K [78]
2NH � N2+2H 4.21� 10�11 cm3 s�1 0 0 K [223]
2NH � N2H+H 1.32� 10�12 cm3 s�1 0.5 504 K [223]
2NH � NH2+N 3.30� 10�16 cm3 s�1 1.5 0 K [78]
2NH � NH2+N 3.32� 10�13 cm3 s�1 0.5 1007 K [223]

2NH(X) � Anything 4.98� 10�11 cm3 s�1 0 0 K [184] 300 K
continued(
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( continued
Reaction ko n Ea Ref. Valid Range

2NH(X) � Anything 8.30� 10�11 cm3 s�1 0 0 K [184] 1100-2730 K
2NH(X) � N2+2H 3.32� 10�13 cm3 s�1 0.5 1010 K [184] 300 K

NH(X)+NH2(X ) � Anything 1.32� 10�10 cm3 s�1 0 0 K [184] 300 K
NH(X)+NH2(X ) � N2H2+H 2.49� 10�9 cm3 s�1 �0.5 0 K [184] 2200-2800 K

NH(X)+NH3 � Anything 5.31� 10�10 cm3 s�1 0 13470 K [184] 1290-1710 K
NH(a)+NH3(X ) � 2NH2(X ) 1.46� 10�10 cm3 s�1 0 0 K [184] 298 K

amidogen reactions
2NH2 � N2H2+H2 1.23� 10�12 cm3 s�1 0 1250 K [210]

NH2+H2 � NH3+H 5.40� 10�11 cm3 s�1 0 6492 K [78]
NH2+H2 � NH3+H 4.15� 10�12 cm3 s�1 0 4420 K [210]
NH2+H2 � NH3+H 2.20� 10�12 cm3 s�1 0 4331 K [217] 400-520 K
NH2+H2 � NH3+H 5.98� 10�12 cm3 s�1 0 4572 K [217] 673-1003 K
NH2+H2 � NH3+H 5.38� 10�11 cm3 s�1 0 6496 K [217] 900-1620 K

NH2+H+M � NH3+M 6.00� 10�30 cm6 s�1 0 0 K [210]
NH2+H+M � NH3+M 5.50� 10�30 cm6 s�1 0 0 K [78]

NH2+H � NH+H2 6.60� 10�11 cm3 s�1 0 1840 K [78]
NH2+H � NH+H2 6.64� 10�11 cm3 s�1 0 1838 K [224]
NH2+H � NH+H2 1.15� 10�10 cm3 s�1 0 0 K [210]
NH2+H � NH(X)+H2 1.02� 10�10 cm3 s�1 0 628 K [217] 2600-2800 K
NH2+H � NH(X)+H2 1.11� 10�10 cm3 s�1 0 439 K [217] 2600-2800 K
NH2+H � NH(X)+H2 6.64� 10�11 cm3 s�1 0 439 K [217] 2200-2800 K
NH2+H � NH(X)+H2 1.20� 10�18 cm3 s�1 2.3 96 K [217] 500-3000 K
NH2+M � NH+H+M 0.5247 cm3 s�1 �2.0 46025 K [223]

NH2+N2H � N2+NH3 1.66� 10�11 cm3 s�1 0 0 K [210]
NH2+N2H2 � NH3+N2H 1.46� 10�25 cm3 s�1 4.1 810 K [217] 300-3000 K

NH2+N � N2+2H 1.20� 10�10 cm3 s�1 0 0 K [78]
NH2+N � N2+2H 1.14� 10�10 cm3 s�1 0 0 K [223]
NH2+N � N2+2H 1.20� 10�10 cm3 s�1 0 0 K [210]

2NH2 � N2H2+H2 6.64� 10�11 cm3 s�1 0 6043 K [223]
2NH2 � NH3+NH 8.30� 10�12 cm3 s�1 0 5036 K [223]

NH2+NH � N2H2+H 2.49� 10�9 cm3 s�1 �0.5 0 K [223]
NH2+NH � N2H2+H 6.80� 10�11 cm3 s�1 0 0 K [210]
NH2+NH � N2H3 7.20� 10�11 cm3 s�1 0 0 K [210]
NH2+NH � NH3+N 1.66� 10�12 cm3 s�1 0 0 K [78]
NH2+NH � NH3+N 1.66� 10�11 cm3 s�1 0 1007 K [223]

ammonia reactions
NH3+H � NH2+H2 5.86� 10�24 cm3 s�1 4.1 4760 K [78]
NH3+H � NH2+H2 8.96� 10�19 cm3 s�1 2.4 4993 K [224]
NH3+H � NH2+H2 9.00� 10�19 cm3 s�1 2.4 4995 K [223]
NH3+H � NH2+H2 9.10� 10�15 cm3 s�1 1.3 6570 K [210]
NH3+M � NH+H2+M 1.04� 10�9 cm3 s�1 0 47027 K [223]
NH3+M � NH2+H+M 3.65� 10�8 cm3 s�1 0 47067 K [223]

NH3+NH2 � N2H3+H2 1.66� 10�13 cm3 s�1 0.5 10877 K [223]
NH3+NH2 � NH2+NH3 6.30� 10�13 cm3 s�1 0 7453 K [217] 500 K
NH�

3+NH2 � NH�
4+NH 1.00� 10�11 cm3 s�1 0 0 K [210]

NH�
3+NH3 � NH�

4+NH2 2.00� 10�9 cm3 s�1 0 0 K [210]
NH�

3+e � NH+2H 5.20� 10�6 cm3 s�1 �0.5 0 K [210]
NH�

3+e � NH2+H 5.20� 10�6 cm3 s�1 �0.5 0 K [210]
NH�

4+e � NH2+2H 5.20� 10�6 cm3 s�1 �0.5 0 K [210]
NH�

4+e � NH3+H 5.20� 10�6 cm3 s�1 �0.5 0 K [210]

hydrazine reactions
N2H4(+M) � 2NH2(+M) 1.31� 10�10 cm3 s�1 0 27696 K [223]

N2H4+H � N2H3+H2 9.86� 10�12 cm3 s�1 0 1198 K [223]
N2H4+H � N2H3+H2 2.20� 10�11 cm3 s�1 0 1250 K [210]
N2H4+H � NH2+NH3 7.40� 10�15 cm3 s�1 0 1561 K [223]
N2H4+M � N2H3+H+M 1.66� 10�9 cm3 s�1 0 40285 K [223]

N2H4+N2H2 � 2N2H3 4.15� 10�14 cm3 s�1 0.5 15107 K [223]
continued(
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( continued
Reaction ko n Ea Ref. Valid Range

N2H4+N � N2H3+NH 1.02� 10�10 cm3 s�1 0 2014 K [223]
N2H4+NH2 � N2H3+NH3 6.64� 10�14 cm3 s�1 0.5 1007 K [223]
N2H4+NH2 � N2H3+NH3 6.50� 10�12 cm3 s�1 0 750 K [210]
N2H4+NH � NH2+N2H3 1.66� 10�12 cm3 s�1 0.5 1007 K [223]

N2H4+NH(X) � Anything 9.96� 10�15 cm3 s�1 0 0 K [184] 300 K
N2H4+NH(?) � Anything 1.66� 10�10 cm3 s�1 0 0 K [184] 750-1000 K
N2H4+NH(a) � Anything 1.66� 10�10 cm3 s�1 0 0 K [184] 300 K
N2H4+NH(b) � Anything 3.65� 10�11 cm3 s�1 0 0 K [184] 300 K

reactions of other NxHy compounds
HN�

2+e � H+N2 1.16�10�8 cm3 s�1 �0.7 0 K [78]
2N2H3 � 2NH3+N2 1.70� 10�10 cm3 s�1 0 0 K [210]
2N2H3 � N2H4+N2+H2 6.00� 10�11 cm3 s�1 0 0 K [210]

N2H � N2+H 4.98� 10�16 cm3 s�1 0 0 K [223]
N2H � N2+H 5.48� 10�16 cm3 s�1 0 0 K [224]

N2H+M � N2+H+M 1.66� 10�11 cm3 s�1 0.5 1541 K [223]
N2H+M � N2+H+M 2.15� 10�10 cm3 s�1 �0.1 2508 K [224]
N2H+H � N2+H2 6.64� 10�11 cm3 s�1 0 1511 K [223]
N2H+H � N2+H2 6.14� 10�11 cm3 s�1 0 1500 K [210]

2N2H � N2H2+N2 1.66� 10�11 cm3 s�1 0 5036 K [223]
N2H+N � NH+N2 4.98� 10�11 cm3 s�1 0 1007 K [223]

N2H+NH2 � N2+NH3 1.66� 10�11 cm3 s�1 0 0 K [223]
N2H+NH � N2+NH2 3.32� 10�13 cm3 s�1 0.5 1007 K [223]
N2H2+H � N2H+H2 8.30� 10�11 cm3 s�1 0 504 K [223]
N2H2+H � N2H+H2 8.30� 10�11 cm3 s�1 0 500 K [210]
N2H2+M � N2H+H+M 8.30�10�8 cm3 s�1 0 25178 K [223]
N2H2+M � 2NH+M 5.24�10�8 cm3 s�1 0 50053 K [223]

N2H2+N2H2 � N2H+N2H3 1.66� 10�11 cm3 s�1 0 6043 K [223]
N2H2+NH2 � N2H+NH3 1.66� 10�11 cm3 s�1 0 500 K [210]
N2H2+NH2 � N2H+NH3 1.66� 10�11 cm3 s�1 0 2014 K [223]
N2H2+NH2 � NH+N2H3 1.66� 10�13 cm3 s�1 0.5 17010 K [223]
N2H2+NH � N2H+NH2 1.66� 10�11 cm3 s�1 0 504 K [223]
N2H2+NH � N2H+NH2 1.66� 10�11 cm3 s�1 0 500 K [210]

N2H3+H � 2NH2 2.62� 10�12 cm3 s�1 0 0 K [223]
N2H3+H � 2NH2 2.70� 10�12 cm3 s�1 0 0 K [210]
N2H3+H � N2+2H2 1.00� 10�11 cm3 s�1 0 0 K [210]
N2H3+H � N2H2+H2 1.66� 10�12 cm3 s�1 0 1007 K [223]
N2H3+M � N2H2+H+M 1.66�10�8 cm3 s�1 0 25027 K [223]
N2H3+H � NH+NH3 1.66� 10�13 cm3 s�1 0 0 K [223]
N2H3+M � NH2+NH+M 1.66�10�8 cm3 s�1 0 35249 K [223]

N2H3+N2H2 � N2H4+N2H 1.66� 10�11 cm3 s�1 0 5036 K [223]
N2H3+N2H3 � 2NH3+N2 1.66� 10�12 cm3 s�1 0 0 K [223]
N2H3+NH2 � NH3+N2H2 1.66� 10�13 cm3 s�1 0.5 0 K [223]



D
Infrared Transitions

of NH and NH2

Table D.1: List of infrared transitions of NH2.

Frequency in cm�1

Species Transition Band observed Ref.
NH2 N�

K�a K�c
1 N��

K��a K��c
[159]

3311 440 F2 Ν2 1343.176
3311 440 F1 Ν2 1343.216
3311 322 F1 Ν2 1581.809
3311 322 F2 Ν2 1582.436
5241 515 F1 Ν2 1584.064
5241 515 F3 Ν2 1584.357
5041 414 F1 Ν2 1586.255
5041 414 F2 Ν2 1586.274
5151 404 F1 Ν2 1589.343
5151 404 F2 Ν2 1589.384
5331 524 F1 Ν2 1590.804
2201 111 F1 Ν2 1591.042
5331 524 F2 Ν2 1591.205
2201 111 F2 Ν2 1591.485
6341 635 F2 Ν2 1599.541
3221 211 F1 Ν2 1601.540
3221 211 F2 Ν2 1601.851
6161 505 F1 Ν2 1604.025
6161 505 F2 Ν2 1604.065

NH2 N�
K�a K�c

1 N��
K��a K��c

[164]

4311 542 F1 Ν1 3018.0673
4311 542 F2 Ν1 3017.7727
3311 440 F1 Ν1 3040.3362
3311 440 F2 Ν1 3040.0404
3301 441 F1 Ν1 3040.5158
3301 441 F2 Ν1 3040.2166
4221 533 F1 Ν1 3052.7479
3221 431 F1 Ν1 3062.6693
3221 431 F2 Ν1 3062.4037
3131 422 F2 Ν1 3064.2421
6151 726 F1 Ν1 3066.2985
7171 808 F1 Ν1 3071.2751
7171 808 F2 Ν1 3071.3459
2211 330 F1 Ν1 3088.1360
2211 330 F2 Ν1 3087.8381
6061 717 F1 Ν1 3089.0937
2201 331 F1 Ν1 3089.6354
2201 331 F2 Ν1 3089.3445
6161 707 F1 Ν1 3089.5323
4231 524 F1 Ν1 3094.1542
4131 524 F2 Ν1 3094.0393

continued(

( continued
Frequency in cm�1

Species Transition Band observed Ref.
5241 615 F1 Ν1 3098.4935
5241 615 F2 Ν1 3098.5501
3121 423 F1 Ν1 3107.6771
5151 606 F1 Ν1 3108.0625
2111 322 F1 Ν1 3122.6639
2111 322 F2 Ν1 3122.4516
4041 515 F1 Ν1 3124.2304
4041 515 F2 Ν1 3124.2124
6061 615 F1 Ν1 3126.3727
6061 615 F2 Ν1 3126.2113
4311 440 F1 Ν1 3126.5984
4141 505 F1 Ν1 3126.7526
1111 220 F11 F2 Ν1 3133.2321
1111 220 F1 Ν1 3133.7565
1111 220 F2 Ν1 3133.4531
5151 524 F1 Ν1 3136.5785
5151 524 F2 Ν1 3136.3543
5241 533 F1 Ν1 3138.9487
5241 533 F2 Ν1 3138.6908
1101 221 F1 Ν1 3139.7638
1101 221 F2 Ν1 3139.4947
3031 414 F1 Ν1 3140.4284
3031 414 F2 Ν1 3140.3933
4231 432 F1 Ν1 3146.1240
4231 432 F2 Ν1 3145.8028
3131 404 F1 Ν1 3146.0325
3131 404 F2 Ν1 3146.0573
3221 331 F1 Ν1 3150.6945
3221 331 F2 Ν1 3150.2877
3221 413 F1 Ν1 3151.0812
3221 413 F2 Ν1 3151.2676
2021 313 F1 Ν1 3155.6444
2021 313 F2 Ν1 3155.5782
6151 624 F1 Ν1 3157.2648
6151 624 F2 Ν1 3157.1725
4221 431 F1 Ν1 3159.2431
4221 431 F2 Ν1 3158.8978
3131 322 F1 Ν1 3162.9246
3131 322 F2 Ν1 3162.6326
6241 633 F1 Ν1 3162.9609
6241 633 F2 Ν1 3162.7931
5231 532 F1 Ν1 3163.1574
5231 532 F2 Ν1 3162.9246
2121 303 F1 Ν1 3166.5096
2121 303 F2 Ν1 3166.5736
4041 413 F1 Ν1 3168.0341
4041 413 F2 Ν1 3167.9155

continued(
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( continued
Frequency in cm�1

Species Transition Band observed Ref.
1011 212 F1 Ν1 3170.8781
1011 212 F2 Ν1 3170.7621
2121 221 F1 Ν1 3171.8535
5141 523 F1 Ν1 3172.4329
5141 523 F2 Ν1 3172.3222
4131 422 F1 Ν1 3181.5911
4131 422 F2 Ν1 3181.4456
2111 220 F1 Ν1 3184.7877
2111 220 F2 Ν1 3184.4595
3031 312 F1 Ν1 3184.9873
3031 312 F2 Ν1 3184.8633
3121 321 F1 Ν1 3185.2295
3121 321 F2 Ν1 3185.0183
0001 111 F1 Ν1 3187.5972
0001 111 F2 Ν1 3187.3651
1111 202 F1 Ν1 3188.3833
1111 202 F2 Ν1 3188.5522
2021 211 F11 F2 Ν1 3196.6314
2021 211 F1 Ν1 3196.8362
2021 211 F2 Ν1 3196.6885
1011 110 F11 F2 Ν1 3203.3428
1011 110 F2 Ν1 3203.3735
1101 101 F11 F2 Ν1 3234.0206
1101 101 F1 Ν1 3234.0553
1101 101 F2 Ν1 3234.2793
2111 202 F11 F2 Ν1 3239.3570
2111 202 F1 Ν1 3239.4136
2111 202 F2 Ν1 3239.5555
3211 312 F1 Ν1 3247.3982
3211 312 F2 Ν1 3247.5886
4221 413 F1 Ν1 3247.6576
2021 111 F1 Ν1 3248.5979
2021 111 F2 Ν1 3248.4231
3121 303 F1 Ν1 3249.0988
3121 303 F2 Ν1 3249.2183
2201 211 F11 F2 Ν1 3249.7447
2201 211 F1 Ν1 3249.9494
2201 211 F2 Ν1 3250.2546
2201 211 F11 F2 Ν1 3250.4594
1111 000 F1 Ν1 3250.4266
1111 000 F2 Ν1 3250.6502
5231 514 F1 Ν1 3254.0304
5231 514 F2 Ν1 3254.1274
6331 624 F1 Ν1 3258.2485
6331 624 F2 Ν1 3258.3854
5321 523 F1 Ν1 3258.9428
5321 523 F2 Ν1 3259.0857
2211 212 F1 Ν1 3262.9361
2211 212 F2 Ν1 3263.2977
4131 404 F1 Ν1 3263.1372
4131 404 F2 Ν1 3263.2600
6241 615 F1 Ν1 3264.6518
6241 615 F2 Ν1 3264.7335
2121 101 F1 Ν1 3266.1434
2121 101 F2 Ν1 3266.2526
4311 422 F1 Ν1 3266.7484
4311 422 F2 Ν1 3267.0147
3031 212 F1 Ν1 3268.7251
3031 212 F2 Ν1 3268.6563
3221 313 F1 Ν1 3269.8159
3221 313 F2 Ν1 3270.0911
3301 321 F1 Ν1 3273.2507
3311 322 F1 Ν1 3278.9219
3311 322 F2 Ν1 3279.2945
4231 414 F1 Ν1 3278.9676
4231 414 F2 Ν1 3279.2008
3131 202 F1 Ν1 3279.6747
3131 202 F2 Ν1 3279.7366
5141 505 F1 Ν1 3279.7710

continued(

( continued
Frequency in cm�1

Species Transition Band observed Ref.
5141 505 F2 Ν1 3279.9105
4131 322 F1 Ν1 3280.0290
4131 322 F2 Ν1 3279.8354
4321 423 F2 Ν1 3280.9831
5331 524 F1 Ν1 3284.4431
5331 524 F2 Ν1 3284.6795
6421 633 F1 Ν1 3286.6664
6421 633 F2 Ν1 3286.8893
4041 313 F1 Ν1 3286.7663
4041 313 F2 Ν1 3286.7373
5241 515 F1 Ν1 3290.0550
5241 515 F2 Ν1 3290.2722
4141 303 F1 Ν1 3292.4688
4141 303 F2 Ν1 3292.5021
5411 532 F2 Ν1 3293.8191
2121 110 F1 Ν1 3295.6652
2121 110 F2 Ν1 3295.9103
6151 606 F1 Ν1 3296.7440
6151 606 F2 Ν1 3296.9051
4401 431 F2 Ν1 3297.5154
7351 726 F1 Ν1 3298.4107
7351 726 F2 Ν1 3298.5923
4411 432 F1 Ν1 3298.8841
5421 533 F2 Ν1 3300.6990
2201 111 F1 Ν1 3301.7108
2201 111 F2 Ν1 3301.9984
5051 414 F1 Ν1 3302.9523
5141 423 F1 Ν1 3304.0649
5141 523 F2 Ν1 3303.9497
5151 404 F1 Ν1 3305.5615
5151 404 F2 Ν1 3305.5767
3221 211 F1 Ν1 3311.0075
3221 211 F2 Ν1 3311.2014
6061 515 F1 Ν1 3317.9338
6161 505 F1 Ν1 3319.0480
4231 312 F1 Ν1 3323.5242
4231 312 F2 Ν1 3323.6689
6151 524 F1 Ν1 3325.2612
6151 524 F2 Ν1 3325.1964
7071 616 F1 Ν1 3332.1484
7171 606 F1 Ν1 3332.9775
7171 606 F2 Ν1 3333.0512
5241 413 F1 Ν1 3333.8574
5241 413 F2 Ν1 3333.9744
3311 220 F1 Ν1 3341.0457
3311 220 F2 Ν1 3341.3011
3301 221 F1 Ν1 3342.4666
3301 221 F2 Ν1 3342.7165
7161 625 F2 Ν1 3343.3107
6251 514 F1 Ν1 3343.5186
6251 514 F2 Ν1 3343.6775
8181 707 F1 Ν1 3345.8496
8081 717 F1 Ν1 3346.5438
8081 717 F2 Ν1 3346.6452
7261 615 F1 Ν1 3352.4583
7261 615 F2 Ν1 3352.5184
4321 321 F1 Ν1 3358.2450
4321 321 F2 Ν1 3358.4802
9091 818 F1 Ν1 3358.9134
9191 808 F1 Ν1 3359.0054
4311 322 F1 Ν1 3365.1859
4311 322 F2 Ν1 3365.4043
4221 313 F1 Ν1 3366.3906
4221 313 F2 Ν1 3366.5847
5331 422 F1 Ν1 3371.8804
5331 422 F2 Ν1 3372.0879
6341 523 F1 Ν1 3382.0018
6341 523 F2 Ν1 3382.1785
4401 331 F1 Ν1 3385.2071

continued(
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( continued
Frequency in cm�1

Species Transition Band observed Ref.
4401 331 F2 Ν1 3385.4024
4411 330 F1 Ν1 3385.2249
4411 330 F2 Ν1 3385.3924
7351 624 F1 Ν1 3389.3760
7351 624 F2 Ν1 3389.5169
5321 423 F1 Ν1 3390.5801
5321 423 F2 Ν1 3390.7144
6431 532 F2 Ν1 3417.3087
5511 440 F1 Ν1 3424.6508
5511 440 F2 Ν1 3424.8809
5501 441 F1 Ν1 3424.6834
6331 524 F1 Ν1 3426.2444
6421 533 F1 Ν1 3428.8077
6421 533 F2 Ν1 3428.9689
7441 633 F1 Ν1 3431.1391
7441 633 F2 Ν1 3431.3360
6521 541 F1 Ν1 3444.8203
6521 541 F2 Ν1 3445.0460
6511 542 F1 Ν1 3445.1063
6511 542 F2 Ν1 3445.3290

Table D.2: List of infrared transitions of NH, those identified in this work
are marked by �.

Frequency in cm�1

Species Transition Band observed Ref.
NH�X3��� J� N�1 J N [165, 167]

3 41 4 5 110 2949.9649
5 41 6 5 110 2950.1391
2 31 3 4 110 2987.3873
4 31 5 4 110 2987.5844
1 21 2 3 110 3023.6314
2 21 3 3 110 3023.8086
3 21 4 3 110 3023.9015
0 11 1 2 110 3058.2778
1 11 2 2 110 3058.9563
2 11 3 2 110 3059.0700
1 01 1 1 110 3092.2161
1 01 2 1 110 3093.0694
1 01 0 1 110 3094.0010
0 11 1 0 110 3155.8448
2 11 1 0 110 3156.7883
1 11 1 0 110 3157.6311
3 21 2 1 110 3186.9088
2 21 1 1 110 3187.0067
1 21 0 1 110 3187.6786
2 21 2 1 110 3187.8596
4 31 3 2 110 3215.6142�
3 31 2 2 110 3215.6842�
2 31 1 2 110 3215.8502�
5 41 4 3 110 3242.8934
3 41 2 3 110 3243.0478
4 51 3 4 110 3268.8368
7 61 6 5 110 3293.0534
5 61 4 5 110 3293.1478

NH�a1�� J Branch [170]
2 R 3276.382
3 R 3304.035
4 R 3330.351

34 R 3343.258
5 R 3355.247

33 R 3369.519
6 R 3378.678

32 R 3393.821
7 R 3400.615

31 R 3416.215
8 R 3421.027

30 R 3436.638
continued(

( continued
Frequency in cm�1

Species Transition observed Ref.
9 R 3439.885

29 R 3455.152
10 R 3457.155
28 R 3471.774
11 R 3472.811
27 R 3486.487
12 R 3486.827
13 R 3499.184
26 R 3499.331
14 R 3509.840
25 R 3510.295
15 R 3518.802
24 R 3519.405
16 R 3526.050
23 R 3526.598
17 R 3531.486
18 R 3535.190
19 R 3537.097
20 R 3537.201
21 R 3535.518
22 R 3531.965

NH�a1�� J Branch [170]
2 Q 3181.564
3 Q 3177.871
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Table E.1: List of optical transitions, those identified in this work are
marked by �.

Wavelength in nm Transition Ref.

324.010� NH(c�a) [152]
326.810� N2(C�B,4�4) [179]
328.530� N2(C�B,3�3) [179]
330.900� N2(C�B,2�2) [179]
333.890� N2(C�B,1�1) [179]
336.100� NH(A�X) [166]
337.130� N2(C�B,0�0) [179]
338.000 NH(c�a,1�1) [161]
344.600 N2(C�B,4�5) [179]
346.900 N2(C�B,3�4) [179]
350.050� N2(C�B,2�3) [179]
353.670� N2(C�B,1�2) [179]
357.690� N2(C�B,0�1) [179]
360.652 Ar [188]
363.800 NH(c�a,0�1) [161]
364.170� N2(C�B,4�6) [179]
364.983 Ar [188]
367.190� N2(C�B,3�5) [179]
371.050� N2(C�B,2�4) [179]
375.540� N2(C�B,1�3) [179]
376.800 NH(c�a,1�2) [161]
380.490� N2(C�B,0�2) [179]
383.468 Ar [188]
385.790� N2(C�B,4�7) [179]
388.430� N�

2(1�1) [5]
389.460� N2(C�B,3�6) [179]
391.400� N�

2(B�X,0�0) [5]
394.300� N2(C�B,2�5) [179]
394.750 Ar [188]
399.840� N2(C�B,1�4) [179]
404.442� Ar [188]
405.940� N2(C�B,0�3) [179]
406.963 H2 [152]
406.688 H2 [152]
406.963 H2 [152]
409.480� N2(C�B,4�8) [179]
410.391 Ar [188]
410.100 H∆ [152]

continued(

( continued
Wavelength in nm Transition Ref.

410.391 Ar [188]
414.180� N2(C�B,3�7) [179]
415.859� Ar [188]
417.131 H2 [152]
417.712 H2 [152]
417.131 H2 [152]
417.712 H2 [152]
418.188� Ar [188]
419.071 Ar [188]
419.103 Ar [188]
419.832 Ar [188]
419.071 Ar [188]
419.103 Ar [188]
419.832 Ar [188]
420.050 N2(C�B,2�6) [179]
420.068 Ar [188]
420.510 H2 [152]
421.250 H2 [152]
425.936� Ar [188]
426.629 Ar [188]
426.970 N2(C�B,1�5) [179]
427.810 N�

2(0-1) [5]
427.217� Ar [188]
427.810 N�

2(0�1) [5]
430.010 Ar [188]
433.356 Ar [188]
433.534 Ar [188]
434.047 HΓ [152]
434.811 Ar [188]
434.047 HΓ [152]
434.360 N2(C�B,0�4) [179]
434.517 Ar [188]
434.811 Ar [188]
435.500� N2(C�B,4�9) [179]
441.670� N2(C�B,3�8) [179]
449.811 H2 [152]
449.020 N2(C�B,2�7) [179]
449.811 H2 [152]
450.200 NH(c�b,0�0) [166]
451.073 Ar [188]
451.000 NH(c�b,0�0) [161]

continued(
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( continued
Wavelength in nm Transition Ref.

451.073 Ar [188]
452.232 Ar [188]
452.800 NH(c�b,0�0) [161]
455.416 H2 [152]
456.813 H2 [152]
457.588 H2 [152]
457.999 H2 [152]
457.271 H2 [152]
457.430 N2(C�B,1�6) [179]
457.588 H2 [152]
457.999 H2 [152]
458.259� H2 [152]
459.610 Ar [188]
461.753� H2 [152]
462.799� H2 [152]
463.185� H2 [152]
464.940� N2(C�B,4�10) [179]
466.140 H2 [152]
466.281 H2 [152]
466.730 N2(C�B,0�5) [179]
468.382� H2 [152]
470.232 Ar [188]
470.954 H2 [152]
471.904 H2 [152]
471.000 NH(b�X) [152]
471.904 H2 [152]
472.303 H2 [152]
472.350 N2(C�B,3�9) [179]
476.384� H2 [152]
480.607 Ar [188]
481.470� N2(C�B,2�8) [179]
482.294 H2 [152]
484.930� H2 [152]
485.655� H2 [152]
486.133� HΒ [152]
487.301� H2 [152]
491.680 N2(C�B,1�7) [179]
492.864 H2 [152]
492.879 H2 [152]
492.864 H2 [152]
492.879 H2 [152]
493.424� H2 [152]
497.331� H2 [152]
497.640 N2(C�B,4�11) [179]
500.340� H2 [152]
501.304 H2 [152]
501.507 H2 [152]
502.210� N2(B�A,12�6) [179]
503.150 N2(C�B,0�6) [179]
503.982 H2 [152]
504.480 N2(B-A,11-5) [179]
504.163 H2 [152]
504.480 N2(B�A,11�5) [179]
504.881 Ar [188]
505.509 H2 [152]
506.820 N2(B-A,10-4) [179]
506.008 Ar [188]
506.600 N2(C�B,3�10) [179]
506.820 N2(B�A,10�4) [179]

continued(

( continued
Wavelength in nm Transition Ref.

508.484 H2 [152]
509.220 N2(B�A,9�3) [179]
516.228� Ar [188]
516.623 NH2 [92]
517.930 N2(C�B,2�9) [179]
518.775� Ar [188]
519.637 H2 [152]
522.127 Ar [188]
525.279 Ar [188]

526.6040 H2 [152]
526.604 H2 [152]
527.230� H2 [152]
529.160� H2 [152]
530.310� H2 [152]
530.930 N2(C�B,1�8) [179]
536.280 N2(B�A,12�7) [179]
537.349 Ar [188]
538.817 H2 [152]
539.700� N2(B�A,11�6) [179]
541.047 Ar [188]
541.989 H2 [152]
542.589 H2 [152]
542.135 Ar [188]
542.589 H2 [152]
543.200 N2(B-A,10-5) [179]
543.482 H2 [152]
543.200 N2(B�A,10�5) [179]
543.482 H2 [152]
543.997 Ar [188]
544.222 Ar [188]
545.200 N2(C�B,0�7) [179]
545.960 H2 [152]
546.800� N2(B�A,9�4) [179]
548.108 H2 [152]
549.958 H2 [152]
549.587 Ar [188]
549.596 H2 [152]
549.958 H2 [152]
550.490 N2(B-A,8-3) [179]
550.552 H2 [152]
550.490 N2(B�A,8�3) [179]
550.552 H2 [152]
551.847 H2 [152]
552.493 Ar [188]
553.747� H2 [152]
554.270� N2(B�A,7�2) [179]
555.253 H2 [152]
555.870 Ar [188]
555.962 Ar [188]
557.255 Ar [188]
558.160� N2(B�A,6�1) [179]
559.746 Ar [188]
559.764 H2 [152]
560.673� Ar [188]
561.254� H2 [152]
562.160� N2(B�A,5�0) [179]
563.481� H2 [152]
565.070 Ar [188]
565.575 H2 [152]

continued(
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( continued
Wavelength in nm Transition Ref.

568.919� H2 [152]
570.536 NH2 [152]
572.855 H2 [152]
573.192 H2 [152]
573.688 H2 [152]
574.360� N2(B�A,12�8) [179]
577.505� H2 [152]
579.250� N2(B�A,11�7) [179]
580.400� N2(B�A,11�7) [109]
580.610 H2 [152]
581.259� H2 [152]
583.613 H2 [152]
584.250� N2(B�A,10�6) [179]
584.932 H2 [152]
587.850 H2 [152]
588.817� H2 [152]
589.390� N2(B�A,9�5) [179]
591.208 Ar [188]
593.137 H2 [152]
593.862 H2 [152]
593.137 H2 [152]
593.862 H2 [152]
594.670 N2(B-A,8-4) [179]
594.989 H2 [152]
594.670 N2(B�A,8�4) [179]
594.989 H2 [152]
596.255 NH2 [103]
597.218 NH2 [103]
597.375 NH2 [154]
597.642 NH2 [103]
597.725 NH2 [103]
599.406� H2 [152]
600.090� N2(B�A,7�3) [179]
601.829� H2 [152]
602.127 H2 [152]
602.798 H2 [152]
603.190� H2 [152]
604.323� Ar [188]
605.670� N2(B�A,6�2) [179]
606.328 H2 [152]
606.999 H2 [152]
608.078� H2 [152]
609.596� H2 [152]
609.822 H2 [152]
611.410� N2(B�A,5�1) [179]
612.179� H2 [152]
613.539� H2 [152]
616.160� H2 [152]
617.310 N2(B-A,4-0) [179]
617.170� N2(B�A,12�9) [179]
617.310 N2(B�A,4�0) [179]
618.299� H2 [152]
619.939� H2 [152]
620.118 H2 [152]
622.481� H2 [152]
623.930 N2(B-A,11-8) [179]
623.839� H2 [152]
623.930 N2(B�A,11�8) [179]
628.539 H2 [152]

continued(

( continued
Wavelength in nm Transition Ref.

629.942 H2 [152]
630.880 N2(B-A,10-7) [179]
630.081 NH2 [152]
630.880 N2(B�A,10�7) [179]
632.706� H2 [152]
633.282 NH2 [152]
638.030� N2(B�A,9�6) [179]
638.472 Ar [188]
639.947� H2 [152]
641.632 Ar [188]
642.811 H2 [152]
645.390� N2(B�A,8�5) [179]
652.970� N2(B�A,7�4) [179]
656.285 HΑ [152]
656.285 HΑ [152]
660.800� N2(B�A,6�3) [179]
665.560� N2(B�A,12�10) [179]
666.064 Ar [188]
668.870� N2(B�A,5�2) [179]
674.770� N2(B�A,11�9) [179]
675.283 Ar [188]
677.210� N2(B�A,4�1) [179]
684.260� N2(B�A,10�8) [179]
685.830� N2(B�A,3�0) [179]
686.200 NH2(A�X,8�0) [102]
687.129 Ar [188]
694.050 N2(B�A,9�7) [179]
696.543� Ar [188]
696.900 NH2(A�X,6�0) [102]
704.180 N2(B�A,8�6) [179]
706.722� Ar [188]
710.000 NH2(A�X,7�0) [102]
714.650� N2(B�A,7�5) [179]
716.881 H2 [152]
719.566 H2 [152]
720.660 N2(B�A,12�11) [179]
725.500� N2(B�A,6�4) [179]
730.600 NH2(A�X,7�0) [102]
733.050� N2(B�A,11�10) [179]
736.750� N2(B�A,5�3) [179]
738.398 Ar [188]
741.600 NH2(A�X,5�0) [102]
745.000 N [177]
745.890 N2(B�A,10�9) [179]
748.440� N2(B�A,4�2) [179]
750.387� Ar [188]
750.513 Ar [188]
751.465 Ar [188]
751.000 NH2(A-X,7-0) [102]
751.465 Ar [188]



Glossary
a-C:H amorphous hydrogenated carbon surface

active nitrogen Nact is introduced as a pseudo species which
comprises atomic nitrogen, and metastable atomic
and molecular nitrogen.

active site Synonym for surface radical.

amorphous C�H surface An a:C�H surface exhibits a
H/C ratio of about 1. A highly cross-linked polymer
becomes an a:C�H-like character.

aldehyde group see table 1.5

amido group see table 1.5

amidogen Synonym for the
.
NH2 radical.

amination The process in which amino groups are intro-
duced into an organic molecule; creation of C�N sin-
gle bonds.

amines Organic molecules that contain amino groups.

amino group Primary, secondary, or tertiary functional
group of NHx, x  !2, 1, 0", see table 1.5. In this work
amino group generally means primary amino group.

at.% Percentage related to number of atoms. Not to be
confused with atom density relative to carbon atoms.
N/C can be converted to N at.% via: N

C�O�N � N/C �
1

N/C�O/C�1 .

atom density relative to carbon Gives the number of
non-carbon relative to carbon and allows, in contrast
to a density in at.%, to rate their density individu-
ally. Carbon is the dominant atom in the XPS signal
from hydrocarbons. N at.% can be converted to N/C
via: N/C � N at.%

100%�N at.%�O at.% .

azomethane C
H

H
H

N N C
H

H
H

carbonyl group see table 1.5

carboxyl group see table 1.5

CARS Coherent Anti-Stokes Raman Spectroscopy

cw Continuous wave, i.e. stationary, mode of plasma exci-
tation

DACH Di-Amino-CycloHexane. Used in plasma poly-
merisation to deposit polymer films rich in amino
groups.

dangling bond End of a broken polymer chain, a surface
radical.

d-ex-situ Denotes data from TFBA-derivated ex situ XPS
measurements.

duty cycle Defined as the ratio Τon
Τon�Τoff

of the plasma-on, Τon,
and plasma-off Τoff durations.

effective treatment duration Sum of plasma-on dura-
tions, i.e. the total treatment time times the duty
cycle.

Eley-Rideal mechanism In an Eley-Rideal mechanism a
particle incident from the gas phase reacts with one
that is adsorbed on the surface without itself adsorb-
ing on the surface prior to reaction.

etching Transformation of a solid substance into a soluble
or a volatile one. The former can removed by a sol-
vent, the latter sublimate.

ex-situ Denotes data from underivated ex situ XPS measure-
ments.

in-situ Denotes data from underivated in situ XPS measure-
ments. treatment duration times duty cycle.

first negative system of N2 Spectroscopic name for
N�

2 (B2��u ,v)�N�
2(X2��g ,v’) transitions.

first positive system of N2 Spectroscopic name for
N2(B3�g,v)�N2(A3��u ,v’) transitions.

FITC Fluorescein IsoThioCyanate (FITC)

Fluram Short for fluorescamine.

FTIR Fourier Transform InfraRed spectroscopy. GI-FTIR
(Gracing Incidence FTIR) and ATR-FTIR (Attenu-
ated Total Reflection FTIR) spectroscopy provide in-
formation on the chemical structure in a thin surface
layer.

functionality Functional chemical group

functionalisation Creation of functional chemical groups.

FV Fine Vacuum

grafting Functionalisation of a surface by covalently cou-
pling a chemical group or molecule.

heterogeneous reaction Physical or chemical interaction
of two phases, e.g. a gaseous and a solid one.

HV High Vacuum

hydrazine H2N�NH2

hydroxyl group see table 1.5

imidogen Synonym for the ..NH radical.

imino group see table 1.5

Langmuir-Hinshelwood mechanism In the Langmuir-
Hinshelwood mechanism, both reactants are ad-
sorbed on, and are in thermal equilibrium with, the
surface prior to reaction to form the product. This
is the reaction mechanism by which surface reactions
usually occur.
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LIF Laser Induced Fluorescence

methyl Abstraction of a hydrogen atom of methane yields
the methyl radical CH3

modification Used in this work as a generic term for a func-
tionalisation or passivation process in order to distin-
guish it from an etching or a coating process.

MS Mass Spectroscopy

MW MicroWave

N/C Nitrogen efficiency: Surface density of nitrogen func-
tional groups normalised to carbon

NH2/C Amino efficiency: Surface density of amino func-
tional groups normalised to carbon

NH2/N Amino selectivity: Surface density of amino func-
tional groups normalised to that of nitrogen func-
tional groups

nitrate group see table 1.5

nitration Incorporation of nitrate groups.

nitriding Incorporation of (oxygen-free) nitrogen groups.
Primarily used for inorganic materials.

nitrile group see table 1.5

nitroso group see table 1.5

O/C Surface density of oxygen functional groups normalised
to carbon

OES Optical Emission Spectroscopy

open site Synonym for surface radical.

olefins Acyclic or cyclic aliphatic hydrocarbons containing
one or more double bonds per molecule. Scientific
notation: alkenes, alkines.

oxime group see table 1.5

paraffins Saturated aliphatic hydrocarbons. Scientific nota-
tion: alkanes

passivation Substitution of surface functional groups by
less reactive ones.

PAAM polyallylamine
C
H

C HH
NH2

n

PC polycarbonate

PE polyethylene

PEEK polyetherether-ketone

persistence The polarity of primary amino groups reduces
their probability to be substituted or abstracted in
hydrogen radical reactions. The primary amino
group is thus said to exhibit a higher persistence.

PEN polyethylene-naphthalate

PET polyethylene-terephthalate

PMMA polymethyl-methacrylate

PRIMARIATM Commercial tissue culture polystyrene
manufactured by Becton Dickinson and Co., U.S.A.
It standardly exhibits �21.6 � 4.5�% oxygen, �8.3 �

1.2�% nitrogen, and 0.5% primary amino functional
groups resulting from plasma modification.

PP polypropylene

PS polystyrene

quasi in situ XPS analysis on a sample that had no contact
to the atmosphere after the plasma process but was
transferred in UHV to the analysis chamber.

R In a chemical formula the letter R denotes a hydrocarbon
rest, generally an alkyl or aryl rest.

radicalic abstraction R�A�B
.
� R

.
+ B�A

radical addition R��A�B
.
� R A

B

radical attachment R�A
.
�B

.
� R�A�B

radical combination A
.
�B

.
� A�B

radicalic fragmentation R�A�R� �B
.
� R

.
�B�A�R�

radical substitution R�A�B
.
� R� B�A

.

relative stoichiometric density In gas mixtures contain-
ing nitrogen and hydrogen it is defined as rel�N�st ��

�N�st/ ��N�st � �H�st�, where the the subscript ‘st’ de-
notes the stoichiometric density, e.g. �H2�st � 2�H�st.

RF Radio Frequency

rovibronic excitation Rotational, vibrational and elec-
tronic excitation.

sccm Measure of gas flow, i.e. cubic centimetre per minute
at standard conditions (0�C and 1013 Pa).

Schiff base Imine formed from aromatic amines or aldehy-
des.

second positive system of N2 Spectroscopic name for
N2(C3�u,v)�N2(B3�g,v’) transitions.

selective etching The conversion of nitrogen functional
groups by hydrogen radical addition leads to a chem-
ical reduction of the group. Tertiary amines are con-
verted to secondaries, secondaries to primaries, and
primary amines to volatile ammonia. The mechanism
was suggested by [1].

selectivity In the context of this work generally used as se-
lectivity for primary amino functional groups with
respect to all nitrogen-containing functionalities, i.e.
the NH2/N.

SIMS Secondary Ion Mass Spectroscopy

surface density Density of an element or a chemical group
in a surface layer of specific thickness. If the speci-
fication of the thickness misses or the density profile
of the species changes drastically within the specified
layer thickness, the term surface density may not be
properly defined.

TALIF Two-Photon Absorption Laser-induced Fluores-
cence

TDLAS Tunable Diode Laser Absorption Spectroscopy

TFBA 4-trifluormethyl-benzaldehyde C
O
H

C
F

F
F

UHV Ultra High Vacuum

var The word var denotes the varied process parameter

vibronic excitation Vibrational and electronic excitation

(V-T) collision A superelastic collision that converts vibra-
tional into kinetic energy.



Index
NH radical detection, 36
NH3 detection, 36
NH2 radical detection, 36

absorption spectroscopy, 39
acid-base-properties, 12
actinometry, 38
activated surface, 21
active nitrogen, 21, 85, 89–91, 93
afterglow, 6, 7, 17, 69
ageing, 21
amination, 12
amination model, 65, 89
amino groups, 12
amino hydrochloride, 52
amorphous hydrogenated carbon, 25
angle-resolved XPS, 46, 76
antenna, coaxial waveguide, 9
antenna, conical line, 32
atomic hydrogen detection, 35, 36
atomic nitrogen detection, 36
attachment, NH2, 90, 98
autoxidation, 26, 27, 75, 77
azomethane, 28

bioactive, 13
biocompatible, 13
bioinert, 13
biological window, 13
biomaterial, 13
bond multiplicity, 24
bond polarity, 24, 88, 98

carbon correction, 51
CARS, 37
CASING, 27
catalysis, heterogeneous, 19, 24
chemical derivatisation, 45, 96
chemical micropatterning, 15
chemical reactiveness, 3, 17, 24, 78
collision, elastic, 5
collision, inelastic, 6
concentration, relative stoichiometric, 64
contact protein, 13
coupling window, 31
coupling, power, 9, 31–33
critical density, 5, 7
crosslinking, 11, 21, 26, 27, 74, 97
cut-off frequency, 5

damageability, 21, 79
dangling bonds, 11
decomposition, NH3, 18
density, critical, 7
density, residual, 57

derivatisation, chemical, 45
destruction of aromatic rings, 80
dielectric window, 31
discharge, electrical, 5
dissociation energy, 17
dissociation of NH3, 58
duty cycle, 10

effective treatment duration, 60
electronegativity, 11
Eley-Rideal mechanism, 23
energy distribution function, 6, 10
energy threshold, 4
energy, dissociation, 17
energy, ionisation, 5
entropy, 26
ESCA, 43
etching of quartz, 78
evanescent, 7
ex situ, 31, 43
excess of hydrogen, 88
excitation, high frequency, 6
excitation, microwave, 7
excitation, radio frequency, 32

fragmentation-affected selective etching, 79, 88, 91, 98
FTIR, 39
functional groups, 12
functionalisation, 16, 21
functionalisation, plasma-assisted, 15
functionalisation, wet-chemical, 15

gas composition dynamics, 19, 89, 96, 104
grafting, nitrogen, 66

Heriott cell, 41
heterogeneous reactions, 23
homolytic, 11
hydrocarbon, alicyclic, 11
hydrocarbon, aliphatic, 11
hydrocarbon, aromatic, 11

ignition behaviour, 34
ignition, pressure jump, 32
immobilisation, 13
impedance matching, 8
in situ, quasi, 31, 43
inelastic mean free path, 46
insertion reaction, 86
insertion, NH, 91, 98
integrated number of dissociated molecules, 60
inverse problem, ill-posed, 46
ionisation energy, 5

kinetics, electron, 6

Langmuir-Hinshelwood mechanism, 23
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LIF, 35, 36
line strength, 39

Maxwell-Boltzmann distribution, 6
mode, resonator, 7
mode, surface-wave-sustained, 7
monomer, 15
motility, surface group, 26

NH insertion, 91, 98
NH2 attachment, 90, 98
nitration, 12
nitrogen grafting, 66
nitrogen removing, 66
nitrogen, active, 21, 85, 89–91, 93
non-amino nitrogen groups, 12

OES, 37
olefin, 11
over treatment, 61
over-dense, 7

paraffin, 11
parameter space, 53
passivation, 16, 21, 78
persistence, 66
phenyl, 11, 79, 80
plasma afterglow, 6, 17, 69
plasma chemistry, 6, 7, 10, 16, 18, 64, 104
plasma density, critical, 5
plasma diagnostics, 35
plasma diameter, 33
plasma emission, optical, 56
plasma emission, VUV, 81
plasma frequency, electron, 5
plasma functionalisation, 59, 85, 89, 96
plasma functionalisation, universality, 74, 98, 102
plasma generation, 5
plasma glow volume, 33
plasma homogeneity, 8, 34
plasma modification, 15, 16
plasma passivation, 21, 78, 87, 97, 98
plasma polymerisation, 15
plasma stability, 8, 9
plasma surface interactions, 16
plasma, afterglow, 7
plasma, anisothermal, 6
plasma, large area, 31
plasma, large-area, 7, 9
plasma, low-pressure, 5
plasma, microwave, 5, 31
plasma, non-equilibrium, 6
plasma, non-thermal, 6
plasma, over-dense, 5, 7
plasma, planar, concentrically spread, 9, 32
plasma, power absorption efficiency, 8
plasma, radio-frequency, 32
plasma, self-guided, 7
plasma, surface-wave-sustained, 7, 32, 34
plasma, thermal, 6
plasma-induced polymerisation, 16
polymer sample geometry, 42
polymer, damageability, 21, 79

post-plasma surface processes, 16, 26
post-process oxidation, 27
power absorption efficiency, 8
power coupling, 9, 31–33
power estimation, RF, 59
power reading, RF, 32, 59
pressure controller, 32
pressure jump after ignition, 32
processing conditions, standard, 53
pseudo species, 89

quasi in situ, 31, 43
quenching of open sites, 28, 78

radical addition, 23
radical attachment, 23
radical combination, 23
radical scavenger, 28
radical substitution, 23
radicalic abstraction, 23
radicalic fragmentation, 23
reaction, heterogeneous, 84
reactive species, 23
reactor system, 29
reactor, fine vacuum, 72
reactor, ultra high vacuum, 30, 72
recombination, volume, 20
recombination, wall, 20
relative stoichiometric concentration, 64
remote plasma, 6
removing, nitrogen, 66
resonance, plasma, 5
resonator mode, 33
retention time, 33
ring, aromatic, 11, 79, 80
ring, phenyl, 11, 79

sample geometry, 42
saturation of open sites, 78
scavenger, 28
selective etching, 78, 79, 87, 88, 90, 98
selective etching, fragmentation-affected, 79, 88, 91, 98
selective removal, 23
selective substitution, 98
self-guided, 7
skin effect, 5, 7
SLAN, 9
specimen transfer, 31
spectroscopy, absorption, 39
spectroscopy, optical emission, 37
sticking probability, 25
stoichiometrically equivalent, 64
superelastic collisions, 6, 70, 95
surface activation, 21
surface density, 50, 84
surface functionalisation, 85, 89, 96
surface passivation, 78, 97, 98
surface-wave-sustained, 7, 32, 34

TALIF, 35, 36
temperature, 6, 56
TFBA, carbon correction, 51, 52
TFBA, chemical derivatisation, 45
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thermal load, 21, 79
thermal plasma, 6
thermalisation, 6
treatment duration, effective, 10, 92, 95, 104
treatment duration, total, 10, 104

universality of plasma functionalisation, 74, 98, 102

vibrational excitation, 17, 18, 20, 97

wave, evanescent, 7

XPS, 43
XPS, angle-resolved, 46, 76
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