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PREFACE

Recent developments of advanced technologies in bio-medicine, microelec-
tronic, micro-mechanic and other branches have led to a renewed interest
in plasma physics and plasma technology. Plasma produces energetic active
species which initiate physical changes or chemical reactions, that can occur

only with difficulty or not at all in ordinary chemical reactions.

Nowadays plasma is one of the essential tools in the large field of thin film
deposition. Plasma deposition is one of the ways how to effectively replace
ecologically unsuitable electrolytic coatings. Another advantage of plasma
assisted deposition is possibility to create layers of unique properties. The
surface treatment of different bio-materials and plasma-assisted layer coating
on artificial implants are under high interest, too. These processes increase
bio-compatibility, i.e. reduce the risk of implants not to be accepted by living
tissue. Plasma sterilisation is another secondary effect of plasma technologies
in biology and bio-medicine. Hence, the plasma sterilisation is investigated

with the aim to replace sterilisation by toxic chemicals and agents.

Diagnostic of generated plasmas plays an important role in all laboratory
experiments as well as in application research or industrial processes. The
knowledge of elementary processes and major plasma parameters allows bet-
ter control of processes and increases their reproducibility. So called n situ
diagnostic, done under real application conditions, enables to find the opti-

mum relation between input experimental quantities and output results.

The thesis topic is focused on diagnostic and partially on applications of two
low-temperature plasma sources. The first one concerns diagnostic and appli-
cations of surfatron produced discharge. The surfatron plasma source work-

ing at 2.45 GHz was developed and built in the frame of the doctoral study.
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The results of comprehensive diagnostic together with preliminary results of
bio-medical and biology application (plasma sterilisation, seed treatment and

surface treatment of plastic samples) are also included.

The second part is aimed at probe diagnostic of planar magnetron discharge,
mainly used for deposition of thin TiO, layers. This part of the work was
done in tight cooperation with Institute of Physics, E.M.A. University in

Greifswald (Germany), where the experimental device is situated.

The thesis consists of four main chapters. The chapter Technological plasmas
summarises basic definitions about plasmas and their existing utilization in
technological processes. This chapter gives raise to Aims of the thesis. The
chapter Sources of technological plasmas introduces general features of de-
vices which were employed in the experimental part of the thesis. The chapter
Diagnostic methods theoretically describes the main way of data evaluation
by means of probe techniques and optical emission spectroscopy. The fun-
damental chapters Fxperimental results and discussion of surfatron plasma
diagnostics and Experimental results and discussion of dc planar magnetron
plasma diagnostics include not only summary and discussion of the diagnos-
tic and applications results but also description of particular experimental
systems, which were used. All data presented in graphs are interlaid
by B-spline curves for greater clarity; the curves do not represent
functional dependences. Overview of the most important results is re-

sumed in Conclusion.
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1. TECHNOLOGICAL PLASMAS

1.1 Characterisation of plasma

First scientific studies of electrical discharges were done by H. Davy (arc
discharge) and M. Faraday at the beginning of 19"" century. However, the
term plasma was introduced at first by L. Tonks and I. Langmuir in 1929 [1].

F. F. Chen defined plasma as quasi-neutral gas of charged and neutral parti-
cles which exhibits collective behaviour [2]. Plasma quasi-neutrality is sensed
that one can assume for single charged particles n. ~ n;, where n, and n; de-
note electron and positive ions density, respectively. The particles can be
in different quantum states - can be excited or de-excited to and from var-
ious energy levels. During these processes photons and subsequently light
are produced. Collective behaviour means that not only local properties but

also plasma conditions in remote regions influence plasma particles.

If there are only atoms as the heavy particles and only single charged positive

ions in plasma, the degree of ionisation X in plasma is given by

n
X = c ,
Ne + Mo

(1.1)

where n, is electron density and ng is density of neutral particles. There are
plasmas with different degree of ionisation (X ~107®-1) in the nature and

in laboratory;

e X <1 - plasma is weakly ionised;

e X <1 - plasma is fully ionised;



1. Technological plasmas 2

Energy and temperature

Energy is the main factor which influences the plasma properties. In the
state of Thermal Equilibrium (TE) the energetic proportion in plasma, i.e.
the total content of energy and distribution function per degree of freedom
(translation movement and excitation etc.) is characterised by thermody-
namic state quantity — temperature T'. Although this plasma state is re-
alized only rarely, it represents important theoretical concept. Provided
that the plasma is in this state the mutually inverse processes (for example
ionisation-recombination, excitation-deexcitation) are in equilibrium (princi-
ple of detailed balance), i.e. they occur similarly often. The most significant

properties of plasma in thermodynamic equilibrium are summarised in [3]:

e spectral distribution of radiation in plasma corresponds to radiation of

the black body at temperature 7', described by Planck law;

e all particles have Maxwell distribution of velocity (energy) with the

same temperature 77

e occupation of excitated states is in accord with Boltzmann distribution

with temperature T

e chemical equilibrium in plasma is given by Guldberg-Waag mass-action

law with equilibrium constant corresponding to temperature T

e for equilibrium of ionisation-recombination processes applies the Saha

equation with ionisation temperature 7.

Real plasma always shows deviations from full thermodynamic equilibrium
because detailed balance of particular elementary processes with their inverse
ones is disturbed. If these deviations are limited only to certain processes
and stay small, we can describe the state of plasma as close to equilibrium.
In this case some of mentioned thermodynamic equilibrium characteristics

stay valid.

The most important model of plasma close to equilibrium is so-called Local

Thermodynamic Equilibrium (LTE). In this state all properties except of
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Planck radiation law stay valid. In particle balance, however, deviations
from Planck law do not apply, provided that collision processes dominate over
radiation processes (e.g. if the electron density is high or photoexcitation,

optionally photoionisation is unimportant, i.e. system is optically thin).

At bigger deviations from equilibrium state the thermodynamic description
of plasma fails and the detailed kinetic approach must be applied. The
simplest among these cases of non-equilibrium conditions in plasma is when
it is possible to describe every kind of particles in plasma (neutrals, electrons
and ions) by their kinetic temperature (i.e. they have Maxwellian distribution

function of velocity). The kinetic temperature can be derived from relation

1
kT = imvz (1.2)

p’

where T is kinetic temperature, m and v, denote mass and the most probable
velocity of the particle, respectively. Taking the (1.2), one finds that 1 eV is
equivalent to 11 604 K. The degree Kelvin (K) is inconveniently small unit
with which to measure kinetic temperatures in plasmas, and so one usually

expresses the kinetic temperature in electronvolt unit (eV).

division temperature
non-isothermal LTP | T~ Ty~ 300K, T;<T,<10°K
isothermal LTP T.~Ti~Ty~2.10*K
HTP T~T.>10K

Tab. 1.1: Subdivision of plasmas.

If kinetic temperatures of electrons and ions (neutrals) are different T, # T},
it is so-called non-isothermal plasma, which is described by degree of

anisothermicity 7,

T=—. (1.3)

Depending on particle temperature, plasmas are frequently subdivided into
Low-Temperature (LTP) and High-Temperature (HTP) plasma. The ex-
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planation is given in Tab.1.1. The symbols T;, 1., Ty denote temperatures

of ions, electrons and neutral particles, respectively [4].
Debye screening length

The electrical potential distribution of a charge carrier inside a plasma is
different from the corresponding distribution in a vacuum. In a plasma each
charge carrier polarizes its surrounding and thereby reduces the interaction
length of Coulomb potential. Ability to screen electric potentials, which are
put in plasma, is one of the most important fundamental property of plasma
behaviour. The characteristic scale of screening or the width of the space

charge sheath is determined by so-called Debye length A\p [4]

1/2
Ap = <5°’“Te> | (1.4)

ne?

where ¢ is dielectric permittivity in vacuum, e is the electron charge.

Outside the Debye length Ap the potential may be neglected. Equation
(1.4) is valid only if there is enough particles in the space charge sheath:
Np>>1, where Np=4/3mn.\}, is the number of particles in the so-called
Debye sphere. Hence, the collective behaviour requires two valid conditions:
(i) charge density must be high enough to fulfil criterion A\p < L (L is plasma
size) and (ii) Debye screening must be valid, i.e Np > 1.

1.2 Plasma for technological applications

The non-thermal low temperature plasma is mostly used for technological
surface applications. Low (often room) temperature of neutral species pro-
tects material against thermal degradation while plasma characteristics are
preserved. The most common way of plasma generation in laboratory or

industry is by external electric field.

The electric discharges can be classified by the nature of applied electric
field to dc (direct current) and ac (alternating current) discharges. The ac

discharges are further divided according the frequency of applied power into
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three groups:

e low frequency discharges, range of kHz, vgisen < Ve, 14,
e radio-frequency discharges (RF), range of MHz, 14 < Vgisen < Ve,

e microwave discharges (MW), range of GHz, vgjsen > Ve, 1,

where 1; and v, denote ion and electron plasma frequency respectively, as

they are defined in detail e.g in [5].

Plasma offers several points of industrial interest. The energy contained in a
plasma, which is higher compared with energy in ideal gas at the same con-
ditions, is one of the most important factor for technological applications.
Beside the energy in plasma is distributed into several components which
mutually interact together during series of processes. These energy compo-
nents and their interactions determine dynamic plasma properties. The main

plasma energy components are [3]:

e cnergy of electric field,

e cnergy of magnetic field,

e ionisation energy,

e translation energy of particles (neutral as well as charged particles),
e excitation energy (electron, vibrational and rotational excitation),

e radiation energy,

e cnergy of collective phenomena (oscillation etc.).

Active species in reactive discharges include not only free electrons and ions
but also radicals, highly reactive neutral particles and results of primary
chemical reactions as clusters, monomers and reactive molecular fragments.
Compared with classical ways the plasma-assisted technologies do not create

by-products or waste.



1. Technological plasmas 6

1.3 Selected plasma assisted technological processes

1.3.1 Low-temperature plasma sterilisation

Low temperature plasma is able to produce energetic active species and UV
radiation which can initiate specific physical and chemical reactions with ster-
ilisation effects. Plasma-based sterilisation is a promising alternative method
for standard surgical instruments as well as for biomedical devices based on
heat sensitive materials. Gas plasma was reported to be suitable for sterili-
sation of metals, natural rubber, silicone and various polymers as polyvinyl

chloride, polyethylene, polyuretane etc. [6].

Sterilisation of such materials can not be realized by conventional way in hot
water vapour (so called steam sterilisation) in autoclaves, with ¢=121°C,
p~121kPa. Hence ethylene oxide (EtO) sterilisation is routinely used to
sterilise materials that can not withstand the high temperature of autoclav-
ing. This sterilisation technique requires long time (up to 24 hours) aeration
process for treated articles and, above all essentially, makes a serious danger
for both service persons and environment. Another way of cold sterilisa-
tion technique is radiation. Gamma rays from a cobalt-60 isotope source or

machine-generated accelerated electrons are usually used.

Sterilization means total destruction of microorganisms and their spores.
In spite of the fact that several plasma-based sterilisation technologies have
been developed, their mechanism is not clearly and completely understood
yet. Moisan et al. assumed three following elementary processes of sterilisa-

tion [7, §]:

e Destruction of the generic material of the organism by UV irradiation.

e Erosion of the micro-organism, atom by atom, through intrinsic pho-
todesorption. Photon-induced desorption results from UV photons
breaking chemical bonds in the micro-organism material and leading
to the formation of volatile compounds from atoms intrinsic to the

micro-organism.
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e Erosion of the micro-organism, atom by atom, through etching. Etch-
ing results from the adsorption of reactive species from the plasma (ac-
tive glow or afterglow) on the micro-organism with which they subse-
quently undergo chemical reactions to form volatile compounds (spon-
taneous etching). The reactive species can be atomic and molecular
radicals, e.g. O and OH, respectively, and excited molecules, e.g. the
10,. This chemistry, under thermodynamic equilibrium conditions,
yields small molecules (e.g. COq, HyO) which are the final products of

the oxidation process [9].

Plasma sterilisation efficiency is strongly influenced by numerous experimen-
tal parameters as described by Lerouge et al. [10]. The gas composition is a
determining factor in the effectiveness of sterilisation. It dictates the types
of active species (radicals, excited molecules) and, at the same time, the
intensity and wavelengths of emitted UV and VUV radiation. Former exper-
iments demonstrated that oxygen-based plasmas are more efficient in steril-
isation than pure Ar (or other pure rare gas) plasmas. The most important
oxygen-based plasmas as pure Oy, COy or mixtures Og/Hy, Ar/Oq, CF4/0,
have been studied [11]. The theoretical aspects of plasma sterilisation with
oxygen, including fundamental mechanisms and kinetics, have been previ-
ously presented and discussed [9]. Without going to microbiological details
Moreau et al. [12] said that the genetic material carried by DNA helices is
in the case of bacterial spores protected by a series of ”defence walls” and
coats. Total inactivation of the spores is obtained when the DNA material

is so heavily damaged that it can not repair itself.

The efficiency of the sterilisation processes is usually displayed by so-called
survival curve: a logarithm plot of the number of surviving micro-organisms
as a function of exposure time. The survival curve usually consists of several
phases; the most often bi-phasic or three-phase inactivation mechanism was
observed [13]. To characterize the slope of each phase segment, called inac-
tivation phase, the time D required to decrease a given population of spores
by a factor 10 is used. In the same work Moisan et al. suggest explana-

tion of three-phase sterilisation mechanism. As a rule, first and third phase
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have approximately the same D value which is much shorter than D time
of second phase. Destruction by UV photons of isolated spores dominates
during phase 1. Phase 2 would be partly dependent on the erosion rate of the
various materials (coatings, debris, dead spores) covering still living spores.
Phase 3 starts when the spores that were not inactivated during phases 1
and 2 have been sufficiently eroded or cleared from debris for UV photons to
finally kill them. This explain why D; and D3 are close and why the third

phase is observed immediately before sterilisation is achieved.

Plasma sterilisation efficiency has been investigated for several sorts of spores.
First, plasma sterilisation was tested on Bacillus subtilis. Nelson et al. [14]
showed on B. subtilis that Og is very efficient agent for sterilisation in high
frequency (RF 13.56 MHz) discharge. Kelly-Wintenberg et al. [15] used an
atmospheric uniform glow discharge (OAUGDP) to inactivate various micro-
organisms, including bacterias and endospores, applied on different porous
and non-porous surfaces (glass, agar, polypropylen, paper). Hury et al. [16]
reported the inactivation of spores exposured in Ar/Os, (COy, HyO5) based
microwave sustained plasmas at low pressures. They used B. cecerus, B. sub-
tilis, B. pumilis, B. stearothermophilus as test spores. It was found that
survival-curves are rather similar but B. subtilis was a bit more resistant than
B. stearothermophilus. This is in contrary with results of Kelly- Wintenberg et
al. [17] using OAUGDP system. Microwave flowing post-discharge was also
used by Ricard et al. [18] with the aim of E. coli inactivation. They studied
sterilisation mechanism of Ar/Oy by means of optical emission spectroscopy.

Later the discharge No/Os under similar condition was also studied [19].

New bio-compatible plasma source, so called plasma needle, originally de-
veloped for high precision tissue treatment, was introduced by Stoffels et al.
[20]. The source generates RF (13.56 MHz) plasma of small size (in order of
milimeters) at low power (from 10 mW up to 5 W). Excitation and vibrational
temperatures are close to each other, in the range 0.2-0.3 eV, rotational gas
temperature is at most of few hundred Kelvins. The generated plasma is
of non-aggressive nature i.e. it can be applied on organic materials without
causing electric or thermal damage of the surface. The plasma needle was

used also for deactivation of E. coli bacteria under atmospheric pressure [21].
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1.3.2 Plasma treatment of seed

In recent years the plant stimulation using physical factors like ionizing radi-
ation, laser, high-power light radiation, high electro-magnetic field etc. has
been examined. The main aim of these investigations is to search for methods
to improve the sowing quality of seed. One of the most important criteria
of the sowing material quality is germination. Experiments have to distin-
guish laboratory germination (ability to germinate in laboratory conditions)
from field germination (ability to germinate in agricultural conditions). Seed
germination is unsatisfactory, in agriculture branch, if is less than 95 %. Du-
binov at al. [22] treated oat (Avena Savita) and barley (Hordeum Rulgare)
seeds by air glow discharge with the view to increase their germination un-
der laboratory conditions. The seeds were treated in continuous as well as
in pulsed discharge regime for several minutes (up to 4 min). The seed was

successfully stimulated and germination increased.

Zivkovic et al. [23] used for Paulownia tomentosa seed stimulation air and
argon RF (13.56 MHz) discharge with incoming power of about 100 W. The
experiments were done under reduced pressure about 10Pa. Simple tests
proved unaffection of germination by vacuum. Plasma exposure on the seed
caused increasing of their germination almost three times - from 25 % up to
75 %. The maximum germination was achieved after 10 minutes of treatment.
The authors considered that the stimulation effect of air-derived cold plasma
pre-treatment could be explained on the basis of three different mechanisms:

etching, surface functionalism and deposition of bio-active small molecules.

The last mentioned mechanism, deposition of bio-active molecules, was in-
vestigated by Volin et al. [24]. They carried experiments with CF4 and
ODFD (octadecafluorodecalin) plasmas generated by RF driven (13.56 MHz)
electrodes in vacuum chamber. Pre-treatment by these plasmas of peas
(Pisum sativum), radish (Raphanus sativum), bean (Phaseolus vulgaris),
corn (Zea mays) and soybean (Glycine mazx) caused delay of germination.
Pre-treatment process may result in the covalent or non-covalent attachment
of plasma-produced molecular fragments on the seed envelope. In a context

this process can be considered as some kind of seed coating. It has been
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demonstrated that fluorine-carbon (F-C) ratio controls forming of macro-
molecular-structure: high values of the ratio shift the mechanism towards
etching process, low values lead to fluorocarbon layer deposition [25]. On the
other hand, nitrogen-based plasmas (aniline, hydrazine) caused small accel-

eration of seed germination of soybean (Glycine max) and corn (Zea mays).

1.3.3 Surface treatment and activation of plastic materials

Plasma surface treatment uses active species, produced by plasma, to modify
surface characteristics of solid materials. It may involve chemical reactions
with surface, add or remove surface charge, remove adsorbed monolayers or
change physical or chemical state of the superficial monolayer of a material
[26]. Plasma surface treatment can be used for a wide spectra of applications
- changes of surface energy, surface cleaning, improving cohesive and adhesive

properties etc. - because of its technical and economical advantages [27].

Plasma surface treatment is very often intended to change, increase or de-
crease, surface energy. The surface free energy is the work done against
surface tension forces in creating a unit area of liquid on the surface. It is
associated with the ability of water to wet surfaces. The free surface energy

unit is J.m™2.

Probably the most important surface energy-related charac-
teristic is wettability. Wettability is the ability to absorb a liquid on a solid
surface, or to adsorb a liquid in the bulk of fibrous materials. When the free
surface energy of the material is lower, it is relatively unwettable and water

will bead up on its surface and vice versa.

Many industrial plastics such as polyethylen (PE), polypropylen (PP), poly-
tetrafluorethylen (PTFE) have low surface energy and lacquers, inks and
adhesives do not sufficiently wet them. With the view to increase wettability
Ooji et al. [28] modified PE and PP surfaces by plasma polymerisation. In
another work by Barni et al. the wettability and dyeability of polyethylen
terephthalate (PET) was modified using radio-frequency SFg plasma at re-
duced pressure [29]. Recently there were found several methods of surface
activation under atmospheric pressure. Choi et al. [30] used atmospheric

pressure dielectric barrier discharge (He, CFy in air) for treatment of PP.
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Janca et al. [31] used the dielectric barrier discharge (DBD) for the activa-
tion of oiled polyester (PES) multicord sewing threads for tires. Namely the
barrier discharge created at higher frequencies in nitrogen remarkably im-
proves the adhesion of the cord to rubber. Another type of discharges used
for plasma activation are so-called surface discharges. Such a type of dis-
charge, surface discharge induced plasma chemical processing (SPCP), was
at first introduced by Masuda et al. [32] in 1988. In the original configuration
the discharge was not suitable for industrial applications because of limited
life-time of electrodes. To reduce this limitation a novel surface discharge
type, coplanar diffuse surface discharge (CDSD), was developed by Cernak
et al. [33]. This surface discharge was used for several applications, e.g. for

increasing of wettability the non-woven polypropylen [34].

1.3.4 Plasma sputtering deposition of thin films

Deposition technologies are often used to deposit electrically conducting or
insulating layers for microelectronic circuits, optical coatings, protective coat-
ings, recording media and other. The thickness of deposited layers is in the

range from approximately tens of nanometers to several tens of microns.

Devices called magnetrons are primarily used for physical vapour deposition
(PVD) processes. Magnetron principles are known for a long time since 1978
from works by Waits [35] and Thornton [36] in planar or cylindrical configu-
ration, respectively. Magnetron sputtering deposition sources are now widely
used in industry because of their simple technology, economic acceptability
and easy alterable physical conditions. Magnetron technology as well as mag-
netron plasma diagnostic is, however, continuously developing because new
advanced films with prescribed physical and functional properties are needed.
Perspectives of magnetron sputtering in surface engineering were described
by Musil and Vicek [37].
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The ions generated by electron impact ionisation are accelerated due to strong
electric field towards the target which is made from the material to be de-
posited. If the background pressure is sufficiently low then the mean free
paths of the sputtered atoms, after ion target bombarding, are compara-
ble or greater than the distance between target and substrate and sputtered
atoms coat the substrate. The process of substrate coating is characterized
by deposition rate (thickness per time unit). If a substrate sample does not
move with respect to the plasma source the deposition rate is easily deter-
mined by dividing thickness of deposited layer by deposition time. For such
static deposition by means of planar magnetrons the thickness of layer is usu-
ally non-uniform. Substrate motion raises the layer quality but enumeration

of deposition rate is more complicated.

Plasma density is the most important factor directly connected with depo-
sition rate and deposition efficiency. For technological applications it would
be advantageous to achieve high deposition rate. The major factor limiting
deposition rate is the maximum power flux which can be applied to the cath-
ode without causing its cracking, sublimation or melting. The deposition
rate can influence properties of deposited films; in detail studied, e.g., by
Musil et al. [38].

With the view to increase deposition efficiency magnetrons are often modi-
fied, e.g. by additional RF and MW (microwave) component [39], by plasma
confinement [40, 41] or simply by using two magnetrons working in dual
sputtering system [42]. Other way how to deliver higher power density into

discharge is operating of magnetrons in pulsed regime.



2. THE AIMS OF THE THESIS

The thesis was focused on development of new plasma sources and subsequent
diagnostics of generated plasmas. The plasma sources were envisaged for
technological applications. Hence, preliminary tests and experiments of the
plasma-assisted technological applications were also included. The main aims

of the thesis were as follows:

1) Plasma source working at 2.45 GHz frequency for technological

applications

a) First aim of the thesis was the development and construction of a new
plasma source working at microwave range of frequencies that could be used
for technological applications. The plasma generation was based on surfa-
tron principle (2.45GHz) of jet type. The plasma source was operated at
wide range of pressures, up to atmospheric, with different working gas mix-
tures. The source was being developed with the view of future application
on heat sensitive materials. Thermal sensitive samples had to be protected
from overheating. Homogeneous treatments of samples during application

experiments should have been achieved.

b) Second task was to carry out a comprehensive diagnostics of the above
described plasma source, i.e. determination of basic plasma parameters us-
ing probe technique and optical emission spectroscopy. Plasma potential,
electron energy and electron density were determined from single probe mea-
surement at low pressures. In wide range of pressures double probe technique
was used for determination of electron temperature. Results of probe mea-
surements were evaluated under different experimental conditions in contin-
uous as well as in pulsed regime. Vibrational and rotational temperatures of

molecular species were estimated from optical emission spectroscopy.
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c) Surfatron plasma was applied in preliminary tests for sterilisation, seed
treatment and surface modification of plastic samples. Sterilisation efficiency
was assessed from the rate of deactivation of test micro-organisms. Seed
was treated by surfatron plasma with the intention of increase germination.
Surface of plastic samples (PE) was modified in order to change the free

surface energy.
2) Planar magnetron plasma source for deposition of thin films

a) Planar magnetron system, used for deposition of thin oxide and nitride
films, was studied in detail by means of Langmuir probe measurements in
continuous regime. At the beginning the probe measuring system was devel-
oped and commissioned the probe was implemented into the vacuum cham-
ber. Plasma potential, electron density and electron temperature were de-

termined as dependences of radial and axial probe position.

b) Growth rate of deposited layer can be significantly increased using pulsed
regime. Hence, conventional planar magnetron system was modified for op-
eration in pulsed regime. For determination of plasma parameters in depen-
dence on time the method of time-resolved probe measurement was suggested

and developed.

c) Comprehensive time- and spatial-resolved measurements by Langmuir
probe in pulsed regime were carried out. The basic plasma parameters were
determined from probe data and compared with parameters reached in con-

tinuous regime.



3. SOURCES OF TECHNOLOGICAL PLASMAS

The various types of plasma are produced in principle by: (i) dc glow dis-
charges, either operated continuous in pulse regime, (ii) capacitively and
inductively coupled rf discharges, (iii) microwave discharges etc. As quoted
above this thesis is aimed at description, development, commissioning, test-
ing, diagnosing and application of microwave surfatron plasma source and dc
planar magnetron; both of them were used for experiments done in the frame
of doctoral study. Their basic physical principles are introduced below; more

detail information can be found in quoted references.

3.1 Surface-wave discharges

Surface-wave discharges (SWD), also called ”long microwave discharges” are
known since 1970s as a part of larger class of high frequency (HF) discharges
[43]. The characteristic feature of SWD is that the energy delivered to the
active plasma zone comes from the power flux carried by an electromagnetic
wave propagating along the plasma column. This is an essential difference be-
tween the situation where the surface wave propagates along plasma column
created by some other means, e.g. along a positive column of a dc discharge.
In SWD case the discharge and the wave field interact self-consistently and

can not be controlled independently.

When considering SWD discharges the attenuation characteristic a(m) is
the main interest; n, is the cross-section averaged electron density and « is

the attenuation coefficient. Analytical approximation of a(7g), at low gas



3. Sources of technological plasmas 16

pressure is expressed as [44]

o () = T 31
where np is the electron density corresponding to the wave resonance, B (w, a)
has to be determined by fitting equation (3.1) to the attenuation character-
istic computed for w (wave angular frequency) and a (plasma radius). The
effective electron collision frequency v depends on the nature of the gas and,
to some extent, is proportional to its pressure. The equation (3.1) implies
that me > np and so np defines the end of the plasma column. It shows that
a(7) increases with decreasing electron density 7,. The attenuation charac-

teristic was studied theoretically [45, 46] as well as experimentally [47].

The condition for a stable power balance in SWD, where the length of the
active zone is large compared with its diameter, was at first formulated by
Zakrzewski [48]

do(m) _ dme

a(fe) e

(3.2)

The initial stage of SWD was described by Shivarova [49]. The initial break-
down takes place in the discharge tube close to a launcher gap. It occurs
spontaneously, when the intensity of the electric field extending from the
launcher is large enough. Due to the field gradients within the gap region of
the exciter, the electrons are driven along the tube axis by the ponderomo-
tive force. Once the electron density m, in the launching area exceeds np,
the surface wave propagates until it is reflected back at the axial position
where Ti; & np. Nevertheless, at that point the electrons are ejected forward
because of the large electric field gradient there, which enhances the plasma.
This process allows the electromagnetic field to gradually extend away from

the launcher, the ionisation front moving along with the wave field.

3.1.1 Surface-wave launcher - Surfatron

The wave launcher consists of an impedance matching network and field

applicator. The impedance matching network optimises the power transfer
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to the plasma. The overall efficiency of the surface-wave plasma source can be
quantitatively expressed as n= Py/P;, where Py and P; are power absorbed

in the plasma and incident power flux in the feed line, respectively.

The aperture, the most commonly used for sustaining a plasma column with
an azimuthally symmetric (m =0 mode) surface wave, consists of a cylindri-
cal metallic tube and a thin metallic plate. The metallic tube generally sur-
rounding the discharge tube and the thin plate is located perpendicularly to
the tube axis and positioned at a few milimeters from it. The high-frequency
power is supplied to the launcher such that, in the gap region, a strong elec-
tric field excites the wave. When the launcher is properly designed, most of
the power leaving the gap is carried away by two oppositely directed surface
waves, and this power is gradually used to sustain the discharge [50]. This

coaxial device, called surfatron, was introduced by Moisan et al. [51] at first.

HF connector input line
sliding contact
g
movable plunger
gap
/1 coupler
( plasma O
NG
discharge
tube
(U
surfatron body

Fig. 3.1: Axial cross-section of a surfatron body showing the field shaping structure (gap)
and the tunable means (movable plunger and coupler) [50].

The surfatron cross-section is shown in Fig. 3.1. The surfatron structure con-
sists of two metal cylinders forming a section of coaxial line terminated by a
short circuit at one end and by a circuit gap at the other. This structure has
a required shape and symmetry, so the electric field extending through the
gap can excite the azimuthal surface wave sustaining plasma column in the

axially placed dielectric tube. Quartz is the best material for the tube be-
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cause of its low tangent loss. The coupler, constructed from semi-rigid coaxial
cable, is placed radially in the structure and extending outside where it is
connected to the input transmission line. The coupler, electrically connected
to the surfatron body, is movable in radial direction. Depth of coupler in-
sertion affects the input impedance, its imaginary part, of the surfatron and
thus power coupling. The real part of the input impedance is affected by
changing the structure length [; (see Fig.3.2) through movable plunger. It
is possible to tune the surfatron so that the input power is totally absorbed

by the plasma.

launcher reference plane
input plane (coupler axis)
«——— S
coupler
21111 - 92p
L, /” plane
CC
Z0 |:| y1 <—0—>YZ
ZOs p— C2 |:i| Zg

surfatron coaxial structure  plasma

Fig. 3.2: The equivalent circuit of surfatron plasma source. The two heavy lines figure
an equivalent transmission line of characteristic impedance Z.s, of lengths I; and s with
respect to the refence plane [52].

The theory and characteristics of surfatron producing long plasma columns
was brought by Moisan et al. [52]. The HF power is supplied to the surfatron
via the coaxial line (characteristic impedance Z;) that feeds the coupler. In
the equivalent principal circuit the coupler is represented by the capacitance
C. connected in series with the inductance L., see Fig. 3.2. The characteristic
impedance of the coaxial structure of the surfatron main body is denoted
Zos. Then the admittance from side 1, left part with respect to the reference
plane in Fig. 3.2, is that of a line of length [; and characteristic impedance

Zos, terminated by short circuit:

Yy = (jZos tan 21l JN) 7, (3.3)
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where A is the free-space wavelength. The admittance Y5, from side 2 (right
part with respect to the reference plane in Fig. 3.2), is the input admittance
of length I}, and characteristic impedance terminated by a capacitance Cy in
parallel with Z, - the equivalent impedance of the plasma seen from the gap.
The length [ is possibly shorter than the actual distance [5 in the Fig. 3.2,
between coupler and the front plate, because of existence of capacitance Cj.
Then the Y5 is described by the formula

1 ? 1
3/2:,((")Rgcg)2+jw02<1+cg.2>_ (3,4)
Ry 1+ (WRyCy) C2 1+ (wRyCy)

The R, and C, are used for description of total impedance seen from gap;
their exact meaning and definition can be found in [52]. There can be also
found the input impedance Z;, of a surfatron normalized with respect to the

feed-line characteristic impedance Z,. Thus

Z; R,  Xin 9o ) (ch 1 by — 2/t )

Zy Z ] Zo 93+ (by — z/t1)2 ) Zy wCeZy g3+ (by — Z/751)2
(3.5)

where

gs = Z()Gg, bg = Zo (WCQ + Bg), Z = ZQ/Z()S, tl :tan27rl1/)\. (36)

Here Gy and B, denote the gap conductance and susceptance, respectively.
Hence, the gap admittance can be expressed by formula Gy +jBy = Z,; 1 [50].
Y1Zo=—j(z/t1) and Y527y = g2 + jbe are normalized admittances seen in each
direction from the reference plane, which coincides with the coupler axis, as
shown in Fig.3.2. The admittance Y; is imaginary for a lossless structure.
The plasma impedance Z, depends on two effects. The first is capacitive
effect caused by the presence of a plasma-filled tube in the electric field
extending from the gap. The other is the launching of surface wave in both
directions along the plasma column. Plasma impedance as a function of the
gas, flow rate, microwave power and other parameters was experimentally
determined [53].
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The ratio of the reflected P, and the incident power P, at the input of a

surfatron is described by formula

Pr Zin_ZO2

Pin B Zin+ZO

(3.7)

For a given Ri,/Zp, the reflected power is minimum when imaginary part
Xin=0. This condition can always be met by adjusting the coupler inser-
tion length, and thus C., providing L. is large enough. Only one setting of
the capacitive coupler yields X, =0 for given conditions; so-called tuning
characteristics were studied and published in [50, 52]. Generally, the fre-
quency upper limit of operation depends on the design of gap-coupler part
of the surfatron and decreases with increasing plasma tube radius. Above
the frequency limit the reflected power rises with frequency. The maximum
input power is determined mainly by the quality of the cable and connec-
tor. Through experiments the upper power limit for surfatron working with

frequency 2.45 GHz has been found to be around 500 W in cw regime [54].

3.1.2 Main features of surface-wave discharges

In the last years the SWDs have been subjected to thorough theoretical and
experimental studies. A self-consistent theory was applied by Ferreira [55] on
the first experimentally investigated results [52]. The self-consistent theory
predicts absolute values and radial profiles of electron density n.(r), electron
temperature T,(r), electric field intensity F, and other parameters. These val-
ues are in qualitative agreement with later theoretical work by Nowakowska
et al. [56]. The parameters are dependent on the power delivered to the
discharge and pressure. The absolute values of electron density and collision
frequency as a function of delivered power were determined on base of the
reflection coefficient measurements by Musil and Vyskocil [57, 58]. The axial
electron density gradient dn./dz and axial distribution of electron density
ne(z) along the column length decrease almost linearly towards the column
end [59, 60]. The behaviour of n.(z) was described by Ferreira [61].
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The electron energy distribution function (EEDF) in Ar discharge at low
pressure was investigated using Langmuir probe measurements by Kortsha-
gen et al. [62, 63] and Grosse et al. [64]. The body of EEDF was less popu-
lated compared with Maxwellian distribution that was obtained theoretically
as well as experimentally. It should be taken into account that at higher de-
gree of ionization, the influence of electron-electron collisions increases and
deviation from the Maxwellian distribution decreases. The self-consistent ki-

netic model for nitrogen discharge was developed and used for determination
of EEDF in [65].

Surface wave produced plasmas have low density of fluctuations and they
are perfectly reproducible. Because of this reason they are a promising tool
for technological applications. Mainly Ar discharge was subjected to basic
investigations. For technological application the mixtures of gases with a
reactive components are often used. The He [66, 67, 68], O2/Ny [69], No/Ho
[70], No [71, 72] and other discharges were studied theoretically as well as ex-
perimentally. A review of surface-wave sustained discharges for technological
applications was made by Moisan et al. [73]. In works by Musil microwave

plasmas were subjected to investigation with the view of thin film deposition
(74, 75].

3.2 Principle of dc-planar magnetron discharge

A typical planar magnetron sputtering system consists of a planar cathode
(sputtering source or target) parallel to an anode surface (usually grounded),
which serves as a substrate holder. The cathode assembly consists of the
source material, dependent on the deposited layer, directly connected with
the backing power electrode. Magnets are placed below backing electrode.
The structure of the magnetron is shown in Fig. 3.3; the important parts of
magnetron are numbered as 1 magnets, 2 magnetic circuit and target clamp
(iron), 3 coolant chamber, 4 shielding (ground), 5 insulator, 6 target (T1i),

7 cooper meant, 8 water tube cooling, 9 substrate [76].
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If the negative voltage is applied on the cathode and the pressure is low
enough, a glow discharge is formed. Negative particles (mainly electrons) of
a dc glow discharge are trapped by external magnetic field, which in a certain
region above the cathode runs parallel to the cathode surface. Such configu-
ration increases electron density in a localized zone. The increased electron
concentration leads to higher ion production through ionisation collisions.
Radial current distribution is peaked at the radius at which the magnetic
field is tangent to the cathode plate [77]. Relatively strong electric field
between the positive glow plasma and the cathode accelerates ions towards
the cathode, where they sputter the cathode material. The most intensive
sputtering of the target is visible as an erosion rill called race-track [78]; see
Fig.3.4.

Fig. 3.3: The cross-section of mag- Fig. 3.4: Erosion rill on the Ti tar-
netron [76]. get, ¢ 77 mm.

The external magnetic field is essential feature of magnetrons. Planar mag-
netrons can be operated with two types of magnetic fields corresponding to
balanced (BLM) [77] and unbalanced (UNB) mode [79], see Fig.3.5. Gener-
ally, it is difficult to precisely distinguish between modes. The characteristic
feature of balanced mode are magnetic field lines well confined around the
cathode. The electron loss is reduced to minimum. The basic principle of
the unbalanced magnetron is to allow release of electrons from the magnetic
trap in order to create ionization away from the magnetron cathode near by
substrate. Sheridan et al. showed that electrons escape from plasma up the

”chimney” along the axis of cathode in UNB magnetron [80, 81]. On the con-
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a)

Fig. 3.5: The magnetic field lines and photos of magnetron discharges operated in: a) bal-
anced, b) unbalanced mode.

trary, their earlier simulations [82] show that electrons in BLM magnetrons

escape radially outward.

Understanding the transport processes in crossed electric (F) and magnetic
(B) field is essential for understanding the operation of magnetron devices.
Therefore the elementary processes as electron, ion and energetic electron
transports and sputter processes induced by electric and magnetic field were
experimentally studied as well as Monte-Carlo modelled by Sheridan et al.
[83, 84, 85]. Using the calculated E-field and modelled B-field as well as
measured electron temperature, the electron E' x B and V B drift speeds were
determined [86]. In the plasma bulk the E x B drift speeds are distributed
in a diagonal region sloping from above the racetrack and terminating close
to the discharge axis. The drift speed is slightly reduced with increasing
pressure. Typically E x B speeds were observed about two or three times
higher than VB drift. The electron drift current (jy =n. - VV, x B/B?) was
imaged in 2D maps [76]. The drift current was the highest near by target,

localized above race-track, which corresponds to magnetic field line geometry.

The influence of magnetic field on the plasma boundary region adjacent
to the cathode target (cathode fall region, sheath) was investigated using

a 1D two-fluid model description [87]. For constant and weak magnetic



3. Sources of technological plasmas 24

field (about 0.01T) in all space, the sheath behaves according to the Child-
Langmuir law, with the thickness decreasing as the magnetic field strength
is raised. Mirror force in electron fluid description due to the magnetic field
gradient was necessary introduced in case of more realistic magnetic field

variation close to the cathode.

3.2.1 DC planar magnetrons for thin film deposition

Generally it is difficult to characterize physical and technical parameters
of magnetrons because of wide range of their experimental modifications.
However, in this chapter there are summarized typical overall parameters of
dc planar magnetrons. Negative voltage bias in order of several hundreds
volts (usually up to -1.000V) is applied on the cathode - the target. The
diameter of the circularly shaped target is usually from 60 up to 200 mm with
the thickness about 7-10mm. Target is made of material to be deposited -
mainly Ti, In, Ta, Al, Cu, Zr and other species. As buffer gases are frequently
used inert gases (e.g. Ar) with reactive component(s) (e.g. Og, [88], Ng,

[89, 90]) for creation of -oxide or -nitride layers.

Plasma potential near the substrate position is mostly positive, in cw regime,
with values near to zero and decreases up to negative values with approach-
ing to the target [76, 86]. Electron temperature or electron energy usually
reaches several electronvolts. In Ar discharges at low pressure the EEDF
is usually Maxwellian, but very often the so-called double Maxwellian or
two-temperatures distributions are met; in the logarithmic plot of second
derivative of I-V characteristic two slopes can be distinguished [91]. This
two temperature distribution was observed, e.g., in [92]. The hot compo-
nent was observed mainly near by the target whereas cold component was

dominant far from the cathode.

Furthermore, the ionisation fraction of sputtered particles, which tightly cor-
responds to deposition rate, is relatively small under conventional condi-
tions. Generally, in conventional magnetrons operated in continuous mode,
the electron density is about n.~10'%-10m=3 at a distance of 10 cm from
the cathode [93]. For this reason magnetrons are often modified to operate

in pulsed regime.
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This means that the instant discharge current in the active pulse can be very
high but the average discharge current is low and has similar magnitude as in
the systems working in continuous mode. The next important reason of using
pulse magnetrons is discharging of dielectric layer or clusters formed on the
cathode target during reactive sputtering process of dielectric films [94, 95].
Recently, this method has been widely used in many research laboratories
and in industrial processes for deposition of many kinds of thin films. This
includes deposition of oxides or nitrides by reactive sputtering of metallic
target [96, 97]. The modulation frequency is typically selected in a wide
range from 100 Hz up to 350 kHz.

Low and mid-frequency pulsed magnetron discharges were carefully theoret-
ically as well as experimentally studied in several works. The repetition fre-
quency 2kHz (duty cycle 50 %), so-called mid-frequency discharge, was used
in magnetron with Ti target by Bradley and Backer [98, 99]. The discharge
with higher modulation frequency 20 kHz with Ti target was studied in [100]
and with Ti and Al targets in [101]. Pulsed magnetrons working at high
pulsing frequency (100-350kHz) with graphite [102], magnesium [103, 104]
and titanium [105] targets were studied as well. Similar modulation frequen-
cies were used for depositions of TiO, films [106, 107, 108], ZnO, poly-silicon

3 in almost all the

films etc. The measured electron density is ne~ 10 m™
mentioned works. It is only several times higher than with the magnetron

working in continual mode.

High power magnetron sputtering in pulsed regime with duty cycles of 1% at
low repetition frequency 50 Hz, was studied for example in [109, 110]. These
so-called low-frequency pulsed discharges use peak power densities of the
order of kW em~2 and can achieve high density plasma. The electron density
about n,~8 x 10" m™2 was reached with Ta target and Ar gas [111, 112]. As
it was shown in [113, 114] despite high electron density the deposition rate
is low under these conditions and similar to deposition rate in continuous
regime. It is caused by small duty cycle ratio - the ratio of active to the idle
time of the period - t,/T ~ 0.01. Hence, the compromise between high plasma
density and duty cycle has to be found in order to reach high deposition rates

at pulsed magnetron conditions.
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The pulsed discharges can be operated in a unipolar [109, 112, 115] and
in asymmetric bi-polar mode [116, 117]. Comprehensive diagnostic of both
modes was carefully done by Vicek [94] by means of time resolved OES, Lang-

muir probe measurements and time and energy resolved mass spectroscopy.



4. DIAGNOSTIC METHODS

Diagnostic of plasmas plays an important role in all experiments and becomes
inseparable part of plasma-assisted technological processes. Knowledge of in-
ternal plasma parameters serves either for study of elementary processes or
helps to find optimal technological conditions. The comprehensive picture of
plasma properties is usually reached due to combination of different diagnos-
tic methods [118]. This chapter treats the diagnostic techniques that were
employed in the frame of the thesis - Langmuir probe measurements (single

and double probe technique) and optical emission spectroscopy.

4.1 Langmuir probe diagnostics

The probe diagnostic of low temperature plasma, developed by Langmuir
and Mott-Smith in twenties [119], belongs to the oldest as well as most often
used diagnostic methods. The method of the Langmuir probe measurement
is based on the estimation of the current-voltage (I-V) characteristic, so-
called probe characteristic, of a circuit consisting of two electrodes immersed
into the plasma under study. Hence the single (the surface areas of both
electrodes being in contact with plasma differ by several orders of magni-
tude) and double (the surface areas of both electrodes being in contact with
plasma are approximately equal to each other and very small in comparison
with the plasma vessel dimensions) probe techniques are distinguished. The
both methods, including probe theories, were described, e.g., by Pfau and
Tichy [120].
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4.1.1 The working regimes of the single Langmuir probe

The typical I-V characteristic of small cylindrical probe immersed into low-
temperature plasma, consisted mainly from neutrals, electrons and positive
ions is shown in Fig.4.1. In the electron acceleration region, where the high
positive voltage is applied on the probe, the electron current dominates the
total probe current. The positive ions are repulsed and the negative sheath
is built around the probe. If the probe bias towards the plasma potential is
decreased, the electrons pass through the retarding field. Low energetic elec-
trons do not reach the probe. On the contrary, positive ions are accelerated
towards the probe. The probe potential V,, where the electron and posi-
tive ion current compensates each other and the total probe current equals
to zero, is called floating potential V3. An almost pure positive ion current
flows to the probe at high negative voltage; the probe is operated in ion

acceleration region.
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Fig. 4.1: The real single probe I-V characteristic and its 2"¢ derivative in semi-logarithmic
scale measured in pulsed magnetron discharge (Ar, p=5Pa, U =-580V, f=250Hz,
Tctive = 150 ps) by time-resolved technique 125 us after ignition.

The working regime of the probe of radius r, is determined by several pa-
rameters; Knudsen number for ions and electron Kj.=\;./r, (where Ao
is the mean free path of ions or electrons respectively) and Debye number
Dy =1y/Ap, where Ap = (g0kT./ (¢2n.))"/? is Debye length, k is Boltzman
constant, 7, electron temperature, e elementary charge and n, electron den-

sity.
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Another important parameter, which influences charged particles flow on the
probe surface, is anisothermicity 7 =T, /T}; see (1.2). The elementary theory
of single cylindrical probe is restricted to the Maxwellian, isotropic plasma
with presumption 7> 1, i.e. T, >Ti.

The thickness of the probe sheath is of the order of several Debye lengths
under our experimental conditions (pressure reduced up to several tens of
pascal). The average number of collisions of charged particles in the sheath
is proportional to the mean free path and can be described as a product
Xie= (DAKLG)_l. Since the sheath thickness depends on the probe potential
Vi, the product (DyK;.)™! is also a function of the probe potential. The
number of electron-ions collisions for a given probe potential can be illus-
trated by the dependence of Dy on Kj. A graph for Dy <3 and =15 (where
n=eV, /KT, is so-called normalized probe potential) is shown in Fig. 4.2. The
area where D) <3 is described by the orbit motion limited (OML) theory by
Laframboise [121].
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Fig. 4.2: The diagram of working regimes of the probe divided according to collisions in
the sheath, Dy <3, n=15, computed for Ar, [122].

One can see that working regime of the probe is divided into three zones by
two curves, X = 0.1, of constant number of collisions in the sheath. The cri-

terion X; . =0.1 means that only 10 % of particles collide in the sheath region.
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The first zone (I-collisionless) is determined by X;.<0.1 and electron-ion
collisions can be neglected in the probe sheath. The ion as well as electron
currents are described using collisionless model - first works by Langmuir and
Mott-Smith [1, 119], later the Bohm criterion was included in so-called ABR
theory (Allen, Boyd, Reynolds) [123]. The OML theory was further extended
by Bernstein and Rabinowitz who assumed monoenergetic distribution of
ions [124] and by Laframboise [125], who assumed Maxwell distribution for

both electrons and ions.

The second zone (II- transition) is determined by X; > 0.1 and X, <0.1. The
electron current can be described using collisionless model. The positive ion
collection by a Langmuir probe under the influence of collisions of ions with
neutrals in probe sheath is described by collision model. The collision model
presents the effect of collisions in form of correction to a collisionless ion
model. The most frequently used so-called ABR-~-Chen model [126] includes
the classical Langmuir OML model and the radial motion cold ion approxi-

mation.

In the last zone (III-collision), where X, >0.1, the collisions of electron as
well as ions has to be taken into account. The collision theories were done
by Chou, Talbot, Willis [127], Jakubowsk: [128] and later by Zakrzewski and
Kopiczynski [129]. Klagge and Tichy in [130] published collision theory based
on collisionless ABR-Chen theory together with Talbot correction. Theory
by Zakrzewski and Kopiczynski combined together with theory Talbot and
Chou is published in [122].

4.1.2 Determination of basic plasma parameters

From I-V characteristic it is possible to determine basic parameters of the
plasma surrounding the probe e.g. plasma potential, mean electron energy,
electron density, electron energy distribution function (EEDF). This chapter
is focused on determination of basic plasma parameters by means of single
cylindrical Langmuir probe. The determination of electron energy distribu-
tion function, electron density, electron temperature and plasma potential
will be described for plasma containing electrons, only positive ions and no

negative ions under the assumption of collisionless regime.
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Electron energy distribution function

The transition area of I-V single probe characteristic, measured in collision-
less and non-perturbed plasma discharge volume, is influenced by distribu-
tion of electron energy f(e) commonly called Electron Energy Distribution
Function (EEDF). The electron current in the transition region of the probe

voltages can be described using EEDF in the form

i) = ieneAp\/mTeg f(e)Ve(e —eV)de. (4.1)

Here ¢ =m,v?/2 is electron energy, v denotes electron velocity, A, is probe
surface and V =V, -V}, where V,, and V},; denote probe and plasma poten-
tials, respectively. The second derivative of (4.1) with respect to V' yields
the so called Druyvesteyn formula [131]

4 . —d%i,
FO= a5 Vegs  E=—eV), (42)

which gives electron distribution function f(e) directly in terms of the mea-
sured value of d%i,/dV?. Because of further processing it is necessary to know
whether EEDF is Maxwellian or not. The Maxwellian distribution function

is described

2

s (2) = = e (KT.)™2 / exp ( /g_zf) . (4.3)

A low-pressure discharge has often the electron energy distribution that de-
parts from a Maxwellian one. It can be easily distinguished on the sec-
ond derivative of I-V characteristic in transition area; the (d%i,/dV?) of
Maxwellian distribution is linear to € (voltage) in semi-logarithmic scale,

see Fig.4.1.

The Electron Energy Probability Function (EEPF) F(g) =&~ "/2f(e) is some-
times introduced instead of EEDF [91]:

(4.4)
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Electron density

The probe does not influence the charged particles through the electric field if
the voltage bias applied on the probe is equal to the plasma potential V. At
plasma potential the probe sheath disappears and particles fall on the probe
is caused only by chaotic thermal motion. The thermal chaotic currents of

electrons J.o and ions Jiy can be described

1 8kTe

Je() = Z(?Apne 71'7/)716 (45)
and
1 8kT;
*IiO = ZeApni 7777711 (46)

where m., n. or m;, n; denote masses and densities of electrons or ions, re-
spectively, A, is probe surface. It is easy to show, using the quasineutrality
condition n,~n; and large difference of masses me, << m;, that the ion cur-
rent at plasma potential is much smaller than the electron one and can be
neglected. Hence, the n, is determined from the probe current in plasma
potential i(V},):

(V) = oo — oo oo = e Agne i’g (4.7)
However the necessity of knowing 7, may complicate the precise analysis.
The T, has to be determined from I-V characteristic at first, described in the
next part of the chapter, and its absolute value is burdened by computational

error which increases total error of n,.

Under OML conditions (rs>> r,,, where ry denotes the space sheath thickness
at Dy—0, and 7, is probe radius) the electron current in the transition
region of probe voltages is described [1, 119

7

Te ~exp(n), n<0, (4.8)

e0

where i, is the real electron probe current, Joo was defined by (4.5) and 7 is
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dimensionless probe potential

e(Vu—=V)

_ 4.
7 T (4.9)

According to the OML regime the electron current in the electron acceleration
region 77>> 1 should be square root dependent on the V},, referenced to the
V1. Hence, the slope of i2 vs. V plot is proportional to n? and the electron

density can be determined from

A2 2 e
AV = ﬁApﬁene‘ (410)

Using (4.10) the n, is computed directly from the probe data, no other quan-
tities as T, are required. Thus the computational error is reduced at minima.
However, care should be taken when measuring by probe in electron acceler-

ating regime in an active discharge.

The estimation of n, directly from EEDF (4.2) is possible, too. The method

is based on integral evaluation
ne = /f (€) de. (4.11)
0

However, the results are burdened by larger computational error caused by
inaccurate estimation of f(g) ~ d%i/dV? especially at low energies and proper

limits of integral.
Electron temperature

The easiest method of electron temperature evaluation in Maxwellian plasma

is based on the formula

T, = [dk’gdyv)] _1. (4.12)

Using (4.12) together with (4.8), we see that the inverse slope of the loga-

rithmic electron probe current with respect to probe voltage (in volts) gives
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directly T, in volts,

i ~ exp (ev) . [T = K. (4.13)

In order to get i.(V), the positive ion current is often approximated by linear

relation.

The mean electron energy E,, can be determined using EEDF again as
1 [e.e]
En=(e)=— /5f (e) de. (4.14)
0

The effective temperature defined as Tz =2/3(¢) is a suitable characteristic

for non-Maxwellian plasma. For Maxwellian plasma Tog = T..
Plasma potential

Plasma potential can be determined as probe potential at which occurs cross
of the second derivative of -V characteristic. The electron current is a convex
function in electron retarding region while concave in electron acceleration
region. Hence, plasma potential V},; is a point where the second derivative
changes sign from positive to negative values. The method was experimen-
tally verified in [132].

Another method is based on determination of difference between floating Vy
and plasma V},; potentials. For the probe data evaluation from transition part
of I-V characteristic it is useful to separate i, and i; (we are able to measure
only the total probe current). The 4; can be approximated by so-called double

logarithmic approximation [133]. Hence, in the region 7 <0
ie = Jege I, (4.15)

i = Jio(l + |n])". (4.16)

where J, o is thermal electron (4.5) or ion (4.6) current respectively and &
is a real positive exponent (for OML regime and cylindrical probe usually

k~0.5).
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The electron (4.15) and ion (4.16) approximations should be equal to each

other in floating potential. Then the V}, is a root of the equation
Jio (14 |na])™ = Jeoe ™", (4.17)

where J, ;0 are defined in (4.5) and (4.6) and ng=e (Va — Vj) /kTe. The dis-
advantage of the described method lies in necessity to know 7,. Assuming
Maxwellian plasma we can determine the T, from the slope of 2°¢ derivative
of the total probe current in the transition region of probe voltages. That
requires assumption of negligible 2°¢ derivative of the ion current character-

istics, which is not so restrictive.

4.1.3 Double probe technique

Double probe technique is another probe configuration. Its main advantage
is that it can be used for diagnostics of discharges where ground electrode is
not well-defined; e.g. in diagnostic of electrodeless discharges. The double
probe method, originally proposed by Johnson and Malter [134], is based on
[-V characteristic measurement when voltage is applied between two small
identical electrodes (Ap; ~ Ap2) immersed in plasma. The probes are usually
placed close to each other so that is possible to assume that the plasma

parameters are the same at both probe positions.

The double I-V characteristic, measured in surfatron discharge, is depicted
in Fig.4.3. A voltage Ug=U; — U, is applied between probes 1 and 2,
but the entire system is not connected to any electrode. Since the electron
velocities are much higher than the ion ones, the both probes in general must
be negative with respect to space potential, the system is fully floating. This
condition can be violated only if one probe is larger that the other. The
I-V characteristic course is symmetric if Ay = Ape. The second derivative
of measured I-V characteristic serves for estimation of inflection point of
the characteristic. That enables assessment of measured data quality (data

offset, probes uniformity etc.).
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Fig. 4.3: The real double probe I-V characteristic and its 2"d derivative of surfatron
produced discharge (Ar, p=100Pa, P=21W - "plume” shape discharge) measured at
the distance 5 mm from the nozzle outlet.

At Uy =0, both probes are at floating potential and total current Iy =0. If
U, is made slightly positive, then U; is less negative and U, more negative.
Thus more electrons flow to probe 1 and fewer to 2, i.e. i¢; > 7¢2. This results
in a current /4. For a large Uy the probe 2 will be very negative, teo < te1,
drawing ion saturation current. Probe 1 will still be negative, but close
enough to V to collect a sufficient electron current to cancel the ion current
to probe 2, i, 10~ I5. Thus the probe characteristic assumes the shape of
the saturation ion characteristic of probe 2. With negative voltage Uy the
current is reversed. This qualitative description reveals that the total current
to the system can not be higher then the saturation ion current. Hence, the
current measured by double probe is lover about several orders of magnitude

compared to single probe method.

The following equation holds
lel + i1 = — (%2 + 112) = Iq, (4.18)

where iel :iel(Ul>, iil :’i11<U1) and iezzieg(Uz>, i122i12<U2). In case of a

Maxwellian EEDF it is possible to use the following expression for the both
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electron probe currents 7.y, te2

iel,Q = ie (ULQ = 0) exXp <e]i]71_,’2) . (419)

The current in the double probe circuit is given by

Lo (Ug) = i (Us) + o1 (0) exp (‘Z?) , (4.20)
Ly (Ua) = iy (U) + 3 (0) exp (Zg}) | (4.21)

If the double probe characteristic is differentiated with respect to Uy, we

obtain the expression for the electron temperature 7T, [120)]

. . —1 . .
KT _ [2 < dly > 1 (dzn N sz) 1  2(in)g (z?)ﬂ’ (1.22)
e dUd qa 2 dUd dUd a (Zil)ﬂ + (ZiQ)H
where (ij12)a denotes the extrapolated dependence of the ion current at
Uqg = 0.

A modification of this procedure is based on the estimation of the so-called
[-function, I' =4 /iee. The electron temperature T, is determined from the
slope of the dependence In(I") vs. Uy

In (T) = —Zg,d +1In (i;) . (4.23)

The method is described in detail [120, 118].

4.2 Optical emission spectroscopy

Optical emission spectroscopy (OES) is often used for diagnostics of differ-
ent types of plasmas. This, in principle contactless, method is based on
measurements of light emission radiated outwards from plasma volume. The
light emission, in wavelength range of 200-900 nm, produced by spontaneous

emission of excited atoms, ions and molecules, will be discussed below.
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Atoms and molecules have determined energetic levels. A quantum of energy
is emitted when a particle transits from higher to lower energetic state in

according with the equation
hy = E2 — E1 (424)

where Fs is energy of higher and FE; is energy of lower energetic state, h is
Planck constant and v is the frequency of the emitted quantum. The line
spectrum (observed at so called bound-bound transition, i.e. transition be-
tween two discrete energetic levels) and continuum spectrum (observed at so
called free-bound and free-free transitions - one or both energy levels lay in

energy continuum, e.g. braking radiation) has to be distinguished [135].

The intensity of spontaneously emitted radiation for the particular transition

E;s — FE;; between discrete states of particle 7 is described by the equation
121 ~ Ai?lNiQhVﬂa [[21] =W. Hl_2 (425)

where [5; is spectral line intensity for the transition, As; is spontaneous
emission probability of the quantum with the frequency 157, and N;» denotes
the density of particle ¢ on the excited energy level Fiy. The intensities enable
to determine population of excited states and subsequently to identify the

transition in the system of levels.

4.2.1 Determination of vibrational temperature of Ny molecules

The vibrational temperature of Ny molecule in the state C3II, can be de-
termined from the 2" positive system of molecule No. The 2" positive
system (C°II, — B®Il,) consists of vibrational-rotational lines grouped into

the vibrational bands according to the change of vibrational numbers.

The integral intensity of vibrational bands I/~ of the system are described

by the equation

E, ]

o (4.26)

Iy = const.v*p (v/,v"") exp {—
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Fig. 4.4: Sample of the 2" positive system of molecule Ny and OH system measured in
Ar surfatron produced discharge p=2kPa, P=25W, z=-3mm below the tube outlet.

where v is the frequency of vibrational band, p(v’,v") is the Franck-Condon
factor of the electronic-vibrational transition, v/ and v” are vibrational quan-

tum numbers and exp [—FE\./kT] denotes Boltzmann factor.

The fine structure of rotational lines, forming the head band, has to be
included into the calculation. Hence, the rotational quantum number J,,
limiting the band edge, and the number of lines AJ has to be determined.
The triplet of rotational line of P branch can be described by the expression
for singlets [136]. Then the total intensity of head vibrational band is given
by the equation [137]

Ey + heBy Jy (Jn + 1)

[}:JH = const v p (v, V") JuAJ exp | — T o (4.27)
where J, is described by the equation
Bv/ -+ BV”
== D 4.28
Jh 2 (BV/ . BVII)’ ( )
and AJ is equal
Av 1/2
AJ = <) . 4.29
BV/ —_— BV// ( )

The quantities B, and B,» denotes rotational constants. These constants

are known and have been already published, e.g. in [138].
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In our case the vibrational temperature was determined from the intensity
of vibrational bands in the 2" positive system of Ny with unresolved rota-
tional band structure using equation (4.26). The vibrational temperature
in ground state and the vibrational temperature in excited state, should be
equal at the condition of full thermodynamic equilibrium (FTE). However,
it is impossible to reach the equilibrium in our investigated low-temperature
plasma systems. The vibrational temperature is used to approximate the

electron temperature.

4.2.2 Determination of rotational temperature of OH radicals

The rotational temperature can be determined from the fine structure of
rotational lines e.g. lines of OH radicals. Molecules of HyO are often iden-
tified as impurities in spite of high-vacuum conditions. These impurities,
which are generally unwanted, with weak spectrum intensity, can be used for

determination of rotational temperature.

The rotational temperature was calculated from transitions 23" (mainly
A2yt — X?T]) of 0-0 band of OH system [139]. The intensity of such

rotational line is described by

4.
W (4.30)

I, = const.v? (2J + 1) i exp [_BIJ L +1) hc] :
where v is frequency of spectral line, J is rotational quantum number of
upper state, B’ denotes rotational constant of upper vibrational state, 7 is
intensive factor for the transition, ¢ is light velocity and 7T, denotes rota-
tional temperature. It was shown in [140] that the rotational temperature
approximates the temperature of neutral particles with good agreement. The
method of rotational temperature evaluation was described in detail e.g. in

[141).



5. EXPERIMENTAL RESULTS AND DISCUSSION OF
SURFATRON PLASMA DIAGNOSTICS

The author, in the frame of doctoral study, developed a microwave plasma
source of jet type based on surfatron principle and working at frequency
2.45 GHz. The plasma generated by the source in wide range of experimen-
tal conditions was subject of detailed diagnostics. The chapter includes three
main parts: (i) description of surfatron plasma source together with Lang-
muir probe and optical emission spectroscopy diagnostics devices, (ii) re-
sults and discussion of surfatron discharge diagnostics with respect to possi-
ble future technological applications - probe investigation (single and double
probe technique) in continuous and pulsed regimes and optical emission spec-
troscopy measurements of plasma column in the quartz nozzle as well as of
plasma exiting the nozzle, (iii) first results of bio-technological applications.
As mentioned in Preface all data presented in graphs in following chapters

are interlaid by B-spline curves.

5.1 Experimental setup based on surfatron

The configuration is shown in Fig. 5.1. The commercial (Sairem) surfatron (1)
and microwave generator (Sairem GMP 03KE/D) working in the power range
0-300 W were used for plasma generation. The generator operates in contin-
uous as well as in pulsed regimes. An external source of pulses was necessary;
function generator Agilent 33120A was used in pulse mode. The amplitude

of pulses controlled incoming microwave power, 1 V30 W.

Experimental arrangement comprise of a vacuum vessel (2) made from stain-

less steel. The upper flange (3) of the vessel was made of plastic in order to
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12'

surfatron plasma source inside facility of the chamber

Fig. 5.1: Experimental setup based on surfatron working with frequency 2.45 GHz.

enable the propagation of the surface wave into the vessel. Four windows (4)
in the vessel served for observation of the discharge, optical emission spec-
troscopy diagnostic and as ports for handling of samples into and out of
the chamber. The whole system was screened by a perforated copper tin to

protect an operator from power radiation.

The quartz tube of 8 mm outer and 6 mm inner diameter was inserted into
the surfatron cavity. The end of the tube (5) protruded into vessel, using
silicon O-ring sealed PTFE feed-through (6). The PTFE material was used
because of its good thermostability. The quartz tube was designed as two
coaxial cylinders at the bottom part protruding through the plastic flange.
The space between both tubes was cooled by compressed air to protect plastic
from overheating. The working gas flew through the tube. The microwave
power was coupled to the surfatron resonator cavity and caused ionisation of
flowing gas. Plasma created in this manner was sustained further downstream
by a surface wave and exited out of the open tube end. The length of the
plasma column in the tube (distance surfatron gap - the end of the nozzle)
was about 180 mm. Plasma exiting the tube had a specific shape given by
experimental conditions (mainly power, pressure and gas mixture ratio), see

Fig.5.2. So called plasma ”plume” was usually created in pure Ar under lower
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pressures. Fog-like form of discharges, observed mainly in reactive mixtures
Ar/Oy and Ar/N, at higher pressures, was probably caused by long-lived

metastable particles of oxygen or nitrogen.

I
a) b) c)

Fig. 5.2: Typical shapes of surfatron produced plasmas at different experimental condi-
tions. "Plume” shape at lower and fog-like form at higher pressures. a) Ar, p=1kPa,
P=20W, b) Ar/Ny, p=4kPa, P=100W, c¢) Ar/Os, p=4kPa, P=150W. Outer tube

diameter is 8 mm.

The flow rates of the working gases were controlled by MKS mass flow-
controllers (operated by control unit MKS PR 4000), with ranges to 10, 1.000
and 10.000 sccm. Required gas consistences were mixed. As working gases
technical Ar, Ny and O, with purity grade 4.6 were used. The gases were
stored in standard pressurized cylinders equipped by reducers. The total flow

rate of working gas mixture was usually kept constant, typically at 600 sccm.

The volume of the vessel was continuously pumped out by a large rotary vac-
uum pump Lavat RV 100/1 (7) down to ultimate pressure of the order of one
pascal. The stepping-motor-controlled butterfly VAT valve (8) was situated
between the vessel and the vacuum pump. The valve controlled the pumping
speed thus allowing setting of the desired pressure in the chamber indepen-
dently of the working gas flow rate. The valve was controlled by VAT control
unit PM-3. Pressure in the vessel was sensed by MKS Baratron 626A (9)
controlled via MKS unit. The baratron was calibrated from 0 Pa up to 1 atm.
More accurate measurement at lower pressures (0.1-100 Pa) was achieved by
Pirani vacuum gauge (10) controlled by Lavat VPRI unit. There was a pos-
sibility to connect the MKS and the VAT control units feedback-wise, which

kept the desired pressure in the vessel automatically.
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The table (11) movable in three dimensions was inserted in the vessel. The
upper part of the table laid on two slides movable in perpendicular direc-
tions x and y. The movement was realised via linear vacuum feed-through
Huntington 121 equipped by stepping-motors (12). The motors, powered by
external source, were controlled via computer equipped by LabView software
application. Planar samples could be treated homogeneously by this way. In
vertical direction z the table was moved via feed-through Huntington L.20
(hand-operated). In such way the distance between the nozzle outlet and the
table could be set. The table was also used as a movable probe holder during
probe measurements. This equipment allowed to move the probe (probes)
independently in three dimensions. The table was electrically isolated by the

PTFE separators; isolation was important for single probe measurement.

Single as well as double probe method were used for diagnostic; theory of
both can be found in previous chapter 4.1. Tungsten wire, of diameter 75 um
with length 5mm was used for a probe(s) construction. Surfatron discharge
is electrodeless in principle. Hence, in order to make single probe measure-
ments, we had to employ the reference electrode. An auxiliary reference
electrode was made of stainless steel plate bent into the cylindrical shape
with a narrow slit. For the measurements of radial profile the probe bent
in right angle was used. This arrangement allowed to measure in a more
homogeneous volume of plasma column with respect to assumed radial dis-

tribution.

5.1.1 Probe data acquisition system

The probe data were sampled by PC-controlled measuring system [142] in
continuous as well as in time resolved regime. The probe circuit was fully
floating, i.e. isolated from the control part of the system. The probe current
was converted to voltage via an operational amplifier with low input bias
current. Its output voltage was fed to isolation amplifier, amplified and mea-
sured by the 12-bit A/D converter. Two floating D/A converters connected
in series formed the probe bias. The first D/A converter - waveform generator

- generated a variable probe bias in 1024 levels. The second D/A converter
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served for setting of the dc probe bias. The achieved span of the probe bias
was 50 V. This configuration allowed using both, single and double, probe
techniques. The difference lied only on distinct connection of probe circuit

and using more sensitive input amplifier during double probe measurement.

Trigger circuit was provided by adjustable time delay; after that started the
measurement of one probe characteristic point (i.e. A/D conversion of the
probe current). The digital data were written into the static RAM buffer.
After the whole probe characteristic had been recorder into the buffer, it was
read out into the computer by a control program. Signal generator, Agi-
lent 33120A as well as trigger circuit were connected with the dual-channel
digital oscilloscope Tektronix TDS-1012. That allowed observation and com-
paring signals from generator and trigger circuit, i.e. delay adjustment, dur-
ing the course of the measurement. The acquired data were pre-processed
by averaging methods and saved to a standard text file. Program Start [143]
or programme procedure written in Matlab [144] were used to process the

probe data.

active part of the probe

outer sleeving capillary 3 mm

Fig. 5.3: Detail of probe arrangement preventing the probe from short-circuiting by de-
posited material.

During the measurements in a reactive plasmas with admixtures of O, and
Ny a thin electrically non-conducting film was deposited on the probe surface.
The film could affect the measured probe data and could lead to incorrect
plasma parameters determination. To minimize this effect, the probe surface
was cleaned prior to each measurement by positive ion bombardment, during
which the deposited material was sputtered off. The cleaning current about
1075 A through the probe was usually used. The probe wire was sleeved
by a double-capillary glass tube with the outer capillary longer than the
inner. This arrangement prevented the probe from short-circuiting by a

metal-coated sleeve, see Fig. 5.3.
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5.1.2 Experimental arrangement for optical emission spectroscopy

The plasma exiting from the tube as well as the plasma column burning in
the quartz nozzle was investigated by means of optical emission spectroscopy.
The measurements were realised by Jobin Yvon Horiba Triax 550 spectrome-
ter equipped with CCD detector Spectrum One with 2000 x 800 pixels cooled
by liquid nitrogen. The spectrometer was equipped with three gratings 300,
1.200 and 3.600 lines per milimeter. The emitted light was collected by an
optical fibre connected with the spectrometer. The entrance slit was typi-
cally kept at width 0.3 mm. The spectrometer operation was controlled via

PC equipped by proper program.

The end of the optical fibre was situated outside of the vessel close to the
quartz window shown in Fig. 5.4. The quartz window also allowed to measure
in UV spectra region. Hence, the scanned spectra were in the range A = (200 -
900) nm. The CCD detector was able to record only part of the spectra
(roughly about 50 nm) during one exposition. Because of this the grating
was turned by a stepper motor after each exposition until the overview spec-
tra range was measured. In such configuration the spectrum was scanned
during several minutes (up to 3min.). For measurements of vibrational and
rotational temperatures intensities in relative (arbitrary) units are sufficient.
In order to calibrate the wavelength range the light source with well-known

line spectrum - Hg lamp - was used.

The bare optical fibre has a big entrance aperture angle. Since we intended
to make position-resolved measurements the end of the fibre was equipped
by an end-piece with the view to reduce the aperture angle. In spite of this
radiation was collected from a small solid angle, see Fig.5.4. The distance
between emission light source (plasma column burning in the tube) and the
fibre was about 18 cm. This fact caused that emission spectrum was aver-
aged almost over the total radial cross section (6 mm was inner diameter of
the tube). Hence, this experimental arrangement was used only for spatially
resolved investigation of emission spectra in axial direction. For this purpose
the position of optical fibre was adjusted by micrometer screw. In graphs

presented below the tube outlet is situated at position z=0mm. The neg-
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cross-section of chamber

quartz window
area of scanned light /

end-piece

plasma column optical fibre

N’

Fig. 5.4: Detail of optical emission diagnostics arrangement with illustrated area of scanned
light. The picture represents cross-section of vacuum chamber, end-piece of optical fibre
was movable by micrometer screw.

ative values represent position in plasma burning outside the tube, positive

values positions upstream of the nozzle end towards the surfatron.

5.2 Diagnostics of surfatron plasma discharge

The surfatron-produced plasma was diagnosed by means of probe measure-
ments and optical emission spectroscopy (OES) with the view of future appli-
cation in the area of bio-technology. For these practical utilisations rare-gas
discharges with small amount of reactive admixtures are frequently used.
For this reason Ar/Os and Ar/N, discharges with volume mixture ratio
590/10 (sccm) were mostly investigated. These results were compared to
those obtained with pure Ar discharge. Primarily, plasma exiting the tube

was investigated.

At the beginning the range of conditions, at which the plasma generated
by surfatron is sufficiently stable for its precise diagnostics, was studied by
simple optical method. As a rule, at lower pressures only low microwave
power was needed to sustain the plasma downstream of the end of the nozzle
and vice versa. At low pressure and higher power, the plasma generated

inside the nozzle did not absorb the whole incoming power from microwave
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0 o Lo.mm 0 -

Fig. 5.5: Sequence of photographs of surfatron-produced plasma; a)-e) from left.
Ar discharge generated at the same power, P=21W, but under different pressures:
a) p.=110Pa, b) p, =500 Pa, ¢) p. =800Pa, d) pg =1.100Pa, e) p, = 1.500 Pa.

generator, what originated in standing wave pattern in the vacuum vessel.
Then the plasma was generated at the places outside of the nozzle where
standing wave maxima were located, see Fig. 5.5 a. With increasing pressure
in the chamber the power was more substantially absorbed and the standing
wave pattern vanished. If the pressure was higher, the incoming power was
not sufficient enough to create plasma ”plume” and the discharge burnt only

inside the tube where the surface wave propagated, Fig. 5.5e.

The stable working conditions were therefore determined mainly by pressure
in the vessel and supplied microwave power. The range of stable surfatron
working conditions is displayed as an area between two limit lines in so
called "p-P map” in Fig.5.6. The area above the upper line corresponds to
discharge burning outside the tube (Fig. 5.5a), the area below a lower-bound
line is characterised by discharge burning only inside the tube (Fig.5.5¢€).
These dependences on power-pressure ratio are essential and make precise
diagnostic rather difficult. Change of some input parameters causes change

of discharge shape and vice versa.

The presence of admixtures O; and Ny increases power demands at the same
pressure. As the incoming power is limited by power source working up
to 300 W, the extrapolation of bound-lines in ”p-P map” to this maximum
power gives pressure limitation, up to which the plasma ”plume” can be
created. However, at higher pressures, roughly about 4kPa, in mixtures

Ar/Oy and Ar/N, discharges in fog-like form are created, see Fig.5.2.
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Fig. 5.6: p-P maps for discharges Ar/Os and Ar/Ny with mixture ratios 600/0, 595/5 and
590/10 (values in scem).

5.2.1 Double probe investigation of surfatron discharge

At first surfatron discharge was diagnosed by double probe technique. The
double probe technique can be used in wide range of pressures and does not
need reference electrode, so that the electrodeless discharges can be easily

diagnosed.

Typical shape of double probe characteristic measured in Ar surfatron pro-
duced plasma plume is depicted in Fig.4.3. The second derivative of -V
characteristic serves for estimation and verification of inflection point and
its appropriate correction. A code written in Matlab was developed for pro-
cessing the double probe data. This code interactively fitts the measured
data by polynomials of low degree, e.g. linear or quadratic, with the aim to
extrapolate the values of ion currents of each probe to the floating potential
(Ug=0): (41)a, (4i2)a. In similar manner the first derivative (d/q/dUq)q and
the first derivatives (di;; /dUq)q and (disn/dUq)a are determined. The electron
temperature T, was then calculated using equation (4.22). No noise-reducing

digital filters were applied.

The radial dependences of electron temperature T,(r) at three distances z
from the nozzle exit in Ar discharge are depicted in Fig. 5.7. The tube axis is

situated at r =0 mm, the nozzle outlet at z=0mm. Only halves of the curves
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Fig. 5.7: The radial T, profile of Ar discharge (p=800Pa, P =21 W) and dependence of

T averaged over the cross-section vs. axial distance z from the nozzle outlet.

are shown supposing radial symmetry of plasma column. Probes bent in right
angle were used for measurement of radial dependences, giving better space
resolution. The radial course of electron temperature near the outlet of the
quartz tube proved strong maxima at the plasma ”plume” edges. This profile
probably corresponds to azimuthally symmetric m =0 mode of TM surface
wave generated in the surfatron. The form of radial profile T,(r) qualitatively
corresponds to spectroscopic measurements of Arl emission at A =549.6 nm
presented in [145]. At larger distances from the outlet (z=10,20mm) the
radial 7, profile becomes flatter. These radial courses correspond to photog-

raphy of investigated discharge in Fig.5.5c.

The T, averaged over cross-section of tube versus axial distance z is depicted
in Fig. 5.7, too. T is the highest near by outlet and decreases with increasing
distance from the outlet. The error bar in the graph represents the standard

deviation from the mean value.

As it was mentioned above, the stable surfatron discharge can be operated
only in the area between bound-lines in "p-P” maps. By another words,
stable conditions of discharge generated at one particular input power (e.g.
P=45W in pure Ar) are limited by corresponding range of pressure (for

P =45W the range of pressure is pa 1.5-5.5kPa), see p-P map in Fig. 5.6.




5. Experimental results and discussion of surfatron plasma diagnostics 51

4.5 T T T T T T T

—m—p=19kPa
40 |—e—p=3.0kPa
p=4.5kPa
| |—wv—p=55kPa

>
N

39}
36}
33F |
30F l\
27}

24}

2:0: — ] e g

251+

2.48eV averg. elect. temp. [eV]

electron temperature [eV]

-
(S,

1.8

0 1 2 3 4 5 6 15 20 25 30 (35 40 45 50 55 6,0
radial distance (0 mm - axis of the tube) [mm] 3.3kPa pressure [kPa]
radial profile of T,(r) averaged T, over the cross-section

Fig. 5.8: The radial T,(r) profile of Ar discharge (P =45W) and dependence of averaged

T, over the cross-section vs. pressure; z="7mm from the nozzle outlet.

The influence of pressure on electron temperature is illustrated in Fig.5.8.
The microwave input power was kept constant, P=45W. Radial courses
T.(r) were measured in the plane z =7 mm below the nozzle outlet. At higher
pressures the maximum around the plasma ”plume” edges becomes less pro-
nounced. Radially averaged T, decreases towards the higher pressure almost
linearly, see right panel in Fig.5.8. That can be qualitatively explained by
energy losses in collisions with neutrals which increase towards higher pres-
sures. Since the input power is kept constant the electron temperature is

bound to decrease with increasing pressure.

Large number of double probe measurements was done and gave results about
T, in wide range of pressures and powers in continuous regime. The radi-
ally averaged electron temperature measured along a linear segment of power
vs. pressure in "p-P” map was more or less constant, but depended on the
gas mixture (see Fig.5.9): in pure Ar - T,~2.45¢V, in Ar/Ny mixture -
T,~2.25eV and in Ar/Oy mixture - T, ~3.05eV. In Ar discharge generated
at power P =45W at pressure about p~ 3 kPa was measured T, ~ 2.5V, see
Fig.5.9. The similar pressure p=3.3kPa corresponds to T, ~2.48 eV, aver-
aged from radial profiles of Ar discharge in Fig.5.8. The rough agreement of
radially averaged T, in Figs. 5.8 and 5.9 supports argument that the plasma

"plume” generated under stable conditions given by ”p-P” map can be char-
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acterized by a single “mean” value of electron temperature (T,), see Fig.5.9.
An error of this mean (T,) at least about 30 % has to be taken into account

in the whole range of pressures.
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Fig. 5.9: p-P maps of Ar, Ar/O, Ar/Ns Fig. 5.10: Dependences of radial profiles
(590/10 in sccm) discharges and their  of T, in Ar/Oz, Ar/Ny (590/10 in sccm);
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The radial profiles of electron temperature 7,(r) in mixtures Ar/Os and
Ar/Ny (590/10 values in scem, P =100 W, p = 1.6 kPa) were also investigated,
see Fig.5.10. Electron temperature is higher and its rise is faster with more
pronounced maxima at the edge of plasma column in slightly electronegative
Ar/O discharge. Higher T, in Ar/O mixture compared to that in Ar/Nj
mixture is probably caused by energy release during negative oxygen creation
in dissociative attachment reaction, in more detail discussed in next chapter
6.3. Dependence of T, averaged over cross-section diameter on axial distance
z in Ar/N, discharges (not shown) has a similar profile as in pure Ar, depicted
in Fig.5.7. In Ar/O, this dependence was close to the linear one, especially
at lower pressures. That might also be qualitatively explained by energy gain

due to dissociative attachment reactions.

5.2.2  Single probe investigation of surfatron discharge

Assuming collisionless criterion and validity of OML theory, the plasma ex-
iting surfatron tube was investigated by single probe technique under low

pressure up to 800 Pa. With regard to the relation between power and pres-
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sure ("p-P” map, Fig.5.9), only low input powers could be supplied. In
pure Ar discharge the delivered power was P=20W, in mixtures Ar/Oa,
Ar/N; (590/10) the applied power was P =70 W with pressure p =800 Pa in
all cases. Probe immersed in the exiting plasma was distanced z =25, 15 mm
from the nozzle outlet. The auxiliary electrode mentioned in previous chapter
was used as the reference electrode. The major plasma parameters were de-
termined by standard ways: the electron density n, was estimated from i2 vs.
V, plot in the electron accelerating regime (4.10), the mean electron energy
E., was computed from the integral of second derivative of I-V characteristic

using equation (4.14).
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Fig. 5.11: Radial profiles of: a) electron density n, and b) mean electron energy E,,. Mea-
sured in Ar (P=18W) and Ar/Os, Ar/Ny (P="70W) discharges; p=_800Pa, z1 =5mm,
z2=15mm.

Electron density n. reaches ne~5 x 10" m™ in the axis of the tube near
by the outlet. Radial profile of electron density ne(r) decreases with the
distance from the tube axis. This behavior is more evident in Ar/Os, Ar/N
gas measured mixtures and for distances further away from the outlet, where
ne is almost about one order of magnitude lower, see Fig. 5.11a. The radial
profile of ne(r) inside the tube, published in [55, 56|, exhibits the similar
feature: ne(r) drops significantly from maximum at the tube axis towards the
tube wall in agreement with diffusion to the wall as the main loss mechanism
[55, 56]. The axial distribution of n, in SWD discharges inside the tube is

essentially different from that, e.g. in a positive column plasma of the glow
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discharge, where the n, almost does not change with axial distance. This is
because SWD can only exists provided that the radially averaged electron
density m, always decreases with the axial position from the launcher. This
slow density decrease is usually linear [50, 60]. Plasma exiting the tube is
not further supported by surface wave and 7, decreases much faster than in

linear manner as it can be deduced from Fig.5.11 a.

The radial courses of mean electron energy Fy, in Fig.5.11b exhibit simi-
lar behaviour as the electron temperature 7, measured by double probe in
Fig.5.10. Absolute values of Ey, have to be considered carefully because of
different delivered microwave power: in pure Ar, P =18 W (value close to the
case in Fig. 5.7) in gas mixtures Ar/Oy, Ar/Ny, P=T70W (value close to the
results in Fig. 5.10). The differences between E,, and T, can be qualitatively
explained by considering errors arising when integrating measured EEDF
and the fact that EEDF is not Maxwellian and hence T, measured by double
probe is just rough approximation. However, the absolute values of radially
averaged B, agree with estimated mean (T.) of discharges in "p-P” map,
Fig. 5.9, within the acceptable error about of a few percent. F,, reaches its
maximum at the edge of plasma column and averaged value decreases with
the axial distance z, which probably corresponds to azimuthally symmetric
m =0 mode of surface wave; the data in Fig.5.11b correspond to probe po-
sitions z; =5 mm, z, = 15mm from the tube outlet. At larger distances from
the tube outlet the radial profile Ey,(r) become flatter.

Plasma potential V}; was determined as the probe voltage corresponding to
zero-cross of the second derivative of an I-V probe characteristic. Radial as
well as axial distribution of V) was almost uniform with steep decrease at

the plasma column edge. Absolute values of V}; reached roughly 5V.

5.2.3 'Time-resolved probe measurements in pulsed surfatron

For the reasons mentioned in chapter Technological plasmas, the pulsed
regime of plasma source operation is frequently used in plasma supported
technologies at present. Further argument may be that in afterglow plasma

(after the driving power has been switched off) specific ion-molecule reac-
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tions needed for a particular technological process are realized more simply.
Other important aim is to increase instantaneous incoming input power and
at the same time to decrease exposure time, i.e. to prevent materials from
thermal destruction. However, the diagnostic of pulsed discharge is more
complicated than diagnostic in cw regime and time-resolved measurements

have to be used.

In our case a typical repetition frequency f=1kHz was kept constant with
different duty-cycles about 30, 50 and 80 %, i.e. with active pulse-lengths 300,
500 and 800 us; the pure Ar and the mixtures Ar/Os, Ar/Ny (590/10 ratio
in scem) were used in all cases discussed below. The incoming effective
input power averaged over the whole period was P =90 W, working pressure
p=>5.6kPa. Reason of this seemingly inconsistent power resides in pulse
regime of plasma source operation; "p-P maps” depicted in Fig. 5.6 are valid
only for continuous (cw) regime. When the pulsed regime is used, higher

incoming power is necessary.
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Fig. 5.12: Time evolution along a single period of: a) plasma potential V,; and b) electron
density ne; f=1kHz, duty-cycle 30 %, P=90W, p=>5.6kPa.

Time evolution of plasma potential V}; and electron density n. during one
period in pulsed regime of frequency f=1kHz with duty cycle 30 % are de-
picted in Fig.5.12a and 5.12b, respectively. One can see that growth of
both plasma parameters after ignition (£ =0 us - when the time ON edge of
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control pulse comes) is almost linear. When the power is OFF (¢ =300 us),
the plasma is quenched and Vj,; and n. decreases. This comparatively slow
decrease is probably caused by residual afterglow plasma flowing out of the
nozzle. Plasma potential and electron density have similar qualitative be-
haviour: the highest values belong to the pure Ar discharge. With reactive
admixtures O or Ny V;; and n, become smaller. The lower plasma potential
and electron density in Ar/Os discharge could be partly due to creation of

negative ions by dissociative electron attachment.

In the active phase, the gas flowing through the quartz tube inserted into the
surfatron cavity, is ionised and plasma is sustained downstream by surface
wave. The energy of surface wave invokes additional ionisation along the
tube. If the power is switched OFF, the surface wave vanishes almost imme-
diately but decaying plasma still flows out of the tube. Simple calculation
of neutral gas velocity in the tube based on Poiseuill-Hagen law and state
equation yielded neutral gas velocity within 100-250 m/s. Detailed calcula-
tion of gas velocity is more complicated as the effects connected with viscos-
ity, pressure fall towards the tube end etc. have to be taken into account.
The distance between ionisation source and nozzle exit was approximately
200mm. Hence the time of neutral gas flight between the surfatron and the
nozzle end was in the order of 1073-10"*s, i.e. comparable with the used

discharge repetition period.

The effect of the non-Maxwellian EEDF is manifested by comparing depen-
dences of mean energy F,,, calculated from the integral of the second deriva-
tive of I-V single probe characteristics, and temperature 7;, determined from
double probe data at the same experimental conditions, see Fig.5.13. Ab-
solute values obtained from different techniques are similar with only slight
differences of about 20 %. In spite of this relatively small error, the depen-
dences on the working gas-mixture differs: the highest E,, was determined in
pure Ar discharge and the lowest in Ar/O, discharge, contrary to the results
for T,. Other difference is connected with the shape of time dependences.
Time dependences of F, fall down more steeply than those for T,. Both phe-
nomenons can be qualitatively explained by the form of EEDF. While the
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Fig. 5.13: Time evolution of T, (computed from double probe measurements) and E,,
(determined from single probe measurements) under the same experimental conditions
(p=>5.6kPa, P=90W, f=1kHz, duty-cycle 30 %).

double probe methods accentuates the body of the EEDF, the determination
of Fy, via integration takes into account also high-energetic tail of the EEDF.
The time evolutions of F,, have their maxima in the active part of the pulse,
i.e. roughly 70 us before the OFF edge, see the right panel of Fig.5.13.

The energy contained in the system and the number of active species play
main role during technological processes. Taking account of this fact we
studied time evolution of F,, and n. mainly in afterglow discharge along
one excitation pulse at different duty-cycles, see Fig.5.14a and Fig.5.14 b,
respectively, for Ar/Os gas mixture. For these figures time ¢t =0 us corre-
sponds to the OFF edge; then follows the afterglow phase. Time evolution
of E,, is depicted in Fig.5.14a. If discharge operates in pulsed regime with
duty cycle 80 %, the relaxation time is too short and the mean energy is
almost constant. Small fall of £}, can be observed at ¢t =200 us but the dif-
ference is not bigger than 10 %. Decrease of F,, in afterglow phase is more
obvious for duty cycles 50 % and 80 %, when the fall of mean electron energy
is roughly 25 %. Qualitatively similar behavior is seen in Fig.5.14b, where
time evolution of n, is depicted. From these results follows that it is possible
to reduce the duty cycle and to increase the input power. This option might
increase efficiency of technological applications as higher energy is delivered

in the system during the pulse and longer idle time prevents overheating.
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5.2.4 Optical emission spectroscopy of Ar discharge

The emission spectra were measured at various experimental conditions (pres-
sure, power, working gas mixture and fibre position) in the UV-VIS range
200-900nm. Results are discussed for different gas-mixtures Ar, Ar/Na,
Ar/O,. Basic composition of discharges is revealed from so-called overview
spectra, i.e. the spectra where all applicable wavelength range is exploited.
Axial development of spectral lines or systems and rotational 7, or vibra-
tional T, temperatures give rough idea about possible reactions and energy
contained in the system. In the graphs presented below the outlet of the
tube is situated as a role at position z=0mm - the negative values of axial
distance z represent downstream and the positive values upstream position

with respect to the nozzle end.

Overview spectrum in pure Ar consisted above all of atomic lines; it is shown
in Fiig. 5.15. Presence of other impurities as atomic lines of oxygen, molecular
bands of nitrogen and OH were registered due to gas impurities or vacuum
chamber leakage. The vibrational temperature T, was calculated from the
molecular bands of the second positive system of nitrogen, C*II, — B?Il,,

with a corresponding change of vibrational quantum number Av=-2, see
Fig. 4.4.
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Fig. 5.15: Overview discharge spectra in Ar, p=2kPa, P=25W, z=-3mm.

The axial dependence of vibrational temperature T, (z) was almost constant,
i.e. T, was almost independent on axial position, see Fig.5.16a. The T,
usually approximately corresponds to electron temperature while in our case
the two temperatures differ by factor (3+4); from the spectra calculated
T, ~3-7x 103K~ 0.5eV compared with probe results T, ~2eV (see e.g.
Figs.5.7,5.11). Apart from the fact that our plasma is not in thermal equi-
librium, while the corresponding equations were derived assuming the ther-
modynamic equilibrium, the difference might be due to used spectroscopic
method, which determines the 7}, from broad region of plasma stream includ-

ing peripheral and axial regions where the electron temperature is lower.
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Fig. 5.16: Axial dependences of: a) vibrational T (z) and b) rotational T, (z) temperatures
in Ar discharge; p=2.5kPa, P =25, 35, 45, 55 W.
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The rotational temperature 7, was calculated from the rotational lines of OH
of a transition with Av=0. The resulting 7, dependences for various powers
and constant pressure p=2.5kPa are shown in Fig.5.16b. The graphs show
that rotational temperature increases with axial distance from the nozzle
end when the applied power is higher than ~ 30 W. The rotational tempera-
ture approximates the temperature of neutral particles with good agreement
[140]. This fact is important specification for treatment of thermal sensitive

materials.

5.2.5 Optical emission spectroscopy of Ar/N, discharge

The overview spectra of Ar/N, discharge consisted of the atomic lines of ar-
gon and the molecular bands of nitrogen (the 1% positive system B*II, — A®XF
and the 2" positive system C3II, — B3Il,) is shown in Fig. 5.17. Apart from
the lines of impurities the atomic lines of oxygen, molecular bands of NOg
(B?IT — X2II) and OH (A2 3" — X?II) systems were registered, too.
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Fig. 5.17: Overview of Ar/N, (590/10) Fig. 5.18: Vibrational temperature T,
discharge spectra, p=4kPa, P=100W, vs. axial position.
z =-3mm.

The vibrational temperature T, was calculated from the bands of the second
positive system of nitrogen with a corresponding change of vibrational quan-
tum number Av =-2. The vibrational temperature dependences vs. axial po-
sition for mixtures of Ar/N, (550/50 in sccm, p=0.12kPa, P=125W) and
Ar/N, (590/10 in sccm, p=4kPa, P =100 W) are plotted in Fig.5.18. We

see that T, is approximately constant along the nozzle as well as downstream
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of it. Besides, Ty is higher for higher reduced power (the power-to-pressure
ratio). Under both mentioned experimental conditions the discharge is pro-
duced in fog-like form, see Fig.5.2b and compare with respective region in

"p-P” map, Fig. 5.6.
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Fig. 5.19: Development of emission spectra and molecular systems on the axial position:
a) detail of spectra measured at different axial position z=-25mm and z=+25mm,
b) intensities of Ny 15t and 2"¢ positive and NO systems vs. axial position. Discharge
parameters Ar/N, (590/10), p=4kPa, P =100 W.

The emission spectra changed along the nozzle, see detail of spectra in
Fig.5.19a. There are depicted intensity ratios of different molecular sys-
tems how they changed with the axial position. The axial dependences of
N, 15¢ and 274 positive system and NO system intensity were studied for the
same experimental conditions; mixture Ar/N, (590/10 in sccm, p=4kPa,
P =100W) and the results are plotted in Fig.5.19b. We note that whereas
the intensity of the 2" positive system in the flow direction decreases, the
NO intensity increases. The development of the intensity of the 1% positive
system with the z co-ordinate is more complicated. We anticipate that the
most important reactions involving the concentrations and hence also the

intensities of considered species are as follows [146]:
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N + O (+Ng) — NO* (+Ny) £k = 9.1-107*" cm®~! (1)
NO (B2II) — NO (X?II) + hr NOjg system (2)
N+ NO — Ny, + O k= 16-10719cm3s™! (3)
N+N-—N, recombination (e.g. to B3IL,) (4)
Ny (B®II,) — Ny (A®%,) Ny 15 positive system (5)

The excited NO* species are created in reaction (1). However, the reac-
tion (3), converting atoms N and molecule NO to Ny and O, is very fast.
Because the concentration of N is higher than that of NO (which depends on
the amount of impurity oxygen in the carrier gas) the NOg system can be
observed in the spectra. Its increase with the z co-ordinate can be explained

likely just by the increase of the leaking oxygen towards the nozzle exit.

5.2.6 OES of Ar/0O, and -oxygen based discharges

A typical emission spectrum of Ar/O, discharge (Ar/O, with mixture ra-
tio 590/10 in sccm, p=4kPa, P=100W, z=-8 mm) is shown in Fig. 5.20.
Under these experimental conditions the discharge is produced in fog-like
form like in the mixture Ar/N,. The spectrum consists mainly of NO, sys-
tem (A 2%+ — X 21I), OH system (A ?YT — X 2II), N, positive systems
(B3I, — A3%F, C3II, — B3II,) and Ar and O atomic lines. The presence
of impurities was caused by use of technical argon and also by the leak-
ages in the vacuum vessel. Moreover, the spectral system was optimized for

measurement in UV region.

When present, OH and Ns emissions were used in order to determine the
plasma temperature. The vibrational temperature 7T, was calculated from
the band intensities of the nitrogen second positive system (C*II, — B®II,)
and the rotational temperature 7T, was calculated from 0-0 band of OH sys-
tem (A2XT — X2II). The development of rotational temperature along and
below the tube in Ar/O, discharge is shown in Fig.5.21. The temperature
is, as expected, higher in the tube and lower below it, but under certain con-
ditions a small temperature increase at the plasma column end is observed,
too. Such an increase, visible also in case of vibrational temperatures (not

shown here), can also influence the efficiency of technological processes.
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Fig. 5.21: Axial dependences of T;(z).

The emission spectra of Ny /O, discharges with different oxygen amount are
displayed in Fig.5.22a for mixture 590/10 (sccm) and Fig. 5.22b for air-like
discharge 470/130 (sccm). In case of low oxygen amount, (Fig.5.22a), the

spectrum consists particularly of NOg system (B *II — X 2II), NO, system

and the Ny positive systems. Excited NO molecules are probably created in
the same reaction like in the Ar/Ny discharge [146]

Intensity [a.u.]

N + O (+Nz) — NO* (+Ny).

N,/O, (590/10), p = 2.5 kPa, P = 150 W

L
300

a)

1 ! I
500 600 700

wavelength [nm]

L
400 800 900

N3/Os (590/10)

intensity [a.u.]

T T T T T T
10 | N,/O, (470/130), p = 2.5 kPa, P = 150 W 4
8t
6
4L
NO, yellow-green continuum
2 _eo;\ + (A%B,—X"A)
g
\g
I L L L L L
200 300 400 500 600 700 800 900

wavelength [nm]

b) Ny/O5 (470/130)

Fig. 5.22: Comparison of overview spectra Ny/Os discharges generated at the same
experimental conditions p=2.5kPa, P=150W, z=-3mm with different mixture ra-
tio: a) N2/O2 590/10 in sccm, b) air-like mixture No/O2 470/130 in sccm.
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When the oxygen amount is higher, following reaction also can take place
NO + O — NO:s. (2)

Therefore in Ny /O, air-like mixtures highly intensive yellow-green continuum
of NO, (A%B! — X?A,) is observed, whereas NO systems, if present, are
very weak. Besides, the Ny second positive system and O atomic lines are

registered, too.
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Fig. 5.23: Comparison of axial intensity development of spectral lines for Ny /O discharges
generated at the same experimental conditions p=2.5kPa, P =150 W, z =-3 mm with dif-
ferent mixture ratio: a) No/O2 590/10 (sccm), b) air-like mixture Ny /Og 470/130 (sccm).

For effective sterilisation by UV radiation under this reduced-pressure con-
ditions, discharge in nitrogen with a small amount of oxygen seems to be
the most suitable as the energy is substantially put into NOg emission. In
air-like mixtures the energy is consumed in - for bacteria harmless NO, -
radiation. In Fig.5.23a,b intensities of various lines and bands are plotted
against the axial position in order to illustrate the spectrum development
along and below the tube. Since argon and atomic oxygen have large ex-
citation energies (14.5 and 12.8eV respectively), they need to be excited
electronically. However, the surface wave sustains the plasma only in the
tube and therefore the intensity of depicted line decreases downstream of the
tube end, see Fig. 5.23 a. As the molecules have lower excitation energy, they
are excited in chemical processes, too. Therefore their emissions can even
increase downstream of the tube (see again Fig.5.23a). Increase of NO,

emission outside the tube was also observed, Fig.5.23 b.
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5.3 Bio-technological applications of surfatron discharge

The unique properties, which low-temperature plasma offers, are frequently
used for industrial plasma processing. Surfatron plasma source was em-
ployed in three different kinds of bio-technological experiments. Surface ac-
tivation of low density polyethylene for the purpose of increasing free surface
energy is presented in this chapter at first. Bactericidal effects of Ar/O,
and Ar/N, discharges under open atmosphere were tested on the bacterici-
dal cultures Neisseria sicca, Deinococcus radiodurans, Enterococcus feacium
and Stenotrophomonas maltophilia. These both discharges were also used
for stimulation of germination of Lambs Quarter (Chenopodium album agg.)

seeds.

5.3.1 Surface activation of low density polyethylene

Surfaces of low density polyethylene (LDPE) samples were activated using
Ar/O4 and Ar/Njy (590/10 in sccm) discharges with the aim to increase the
total surface energy and hydrophilicity of this material. The experiments
were done at reduced pressure p =4 kPa with input power P =100 W. Under
these conditions the plasma exiting the tube was spread over the sample
surface almost homogeneously in a fog-like form. Discharges are depicted
in Fig.5.2b, ¢ and their overview spectra in Fig.5.20 (Ar/O;) and Fig.5.17
(Ar/Ny).

a) b) c)

Fig. 5.24: Tmages of liquid drops (H20) on sample surface (LDPE) registered by SeeSys-
tem. a) non-treated samples, b) plasma treatment, Ar/Na, t=3s, ¢) plasma treatment,
AI‘/OQ, t=22s

The total surface energy was estimated by means of the sessile drop technique

using the SeeSystem equipped by a CCD camera [147]. Images of liquid drops
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on sample surface were registered by the camera and contact angles were sub-
sequently measured from the solid-liquid meniscus, see Fig.5.24. The total

TOT of the samples was calculated using regression meth-

surface free energy ~
ods according to Lifshitz- van der Waals / acid-base theory from the contact
angles of at least three different polar and apolar liquids; water (W), glyc-
erol (G), diodomethane (D), ethylene glycol (E) and a-bromnapthalene (B)
were used in our case [147]. The total surface energy 19T is a sum of its ap-
olar Y™V and polar 7v*B components, yTOT =~™W 1 4AB where LW indicates
the dispersive, i.e. apolar, Lifshitz - van der Waals interaction and AB refers

to acid-base or electron - acceptor / electron - donor interactions.

The dependences of total surface energy 7T°7 calculated from different lig-
uids combinations (W-D-F, W-D-G, W-E-B) on the treatment time are de-
picted in Fig.5.25. The 4797 reaches energies about 51 mJ.m~? for the W-
D-G and W-E-B liquid combinations. The energy calculated from W-D-F
is by about a few percent higher. This difference is probably caused by the
choice of liquid combination; this problem is in detail discussed by Navratil
et al. [148].
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Fig. 5.25: Time dependence of yTOT Fig. 5.26: Dependences of 7yTOT as well
estimated from different liquid com- as both apolar v*W and polar 7*B com-
binations. ponents on time.

TOT as well as its apolar ¥V and polar components y4B

The evolution of
with the Ar/O, discharge treatment time is shown in Fig. 5.26. The depicted
results were computed from the W-G-D liquid combination. The total surface

energy 79T was about 40 mJ.m~? at the beginning of the process, i.e. before
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plasma treatment. Surface treatment led to steep increase of total surface
energy to a maximum located at about 52mJ.m~2 during first 100s. After
this time the vT9T was almost constant. The apolar component vV, with
maximum value about 45mJ.m™2, is a major component of total surface
energy 77T, It can be seen in Fig. 5.26 that both vT°T and v™V have similar
time evolution. Polar component reaches energy in order of units mJ.m=2.
The bigger scatter of both energies y7°T and vP during the interval 10-25s
is most probably caused by instability of the surfatron discharge just after
ignition. The discharge cannot be sufficiently stabilized at the beginning of
the experiment, and that limits the time resolution of measurements during
the initial time period after discharge ignition. The points acquired in shorter
treatment times are therefore overlapped by bigger experimental error than

those acquired at longer times.
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Fig. 5.27: The Zisman plot for four Fig. 5.28: Comparison of the depen-
different liquids: w .G F (for- dences of the contact angle © (top
mamide), M (methylene io- panel) and of yTOT (bottom panel) on
dide). The critical surface energy treatment time.

v© =48.75mJ.m 2.

The critical surface free energy v¢ can be estimated from the so-called Zisman
plot. The term ”critical” is used because any liquid whose surface tension is
greater than the ”critical surface tension” makes a finite contact angle with
the substrate. Critical surface tension values are useful empirical values that
characterize relative degrees of surface energy of polymer substrates. Zisman
noticed that a plot of cosine © (with © being the contact angle between the

drop edge and the surface) versus the surface tension of different liquids 7 is
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often linear. Hence, the Zisman plot method is based on the determination
of the dependence of the cos©® on ~;. With linear extrapolation cos©® — 1
we obtain the critical surface energy v©. There were used four liquids, water
(W), glycerol (G), formamide (F), methylene iodide (M), for building the
Zisman plot in Fig.5.27. The value of critical surface free energy for low
density polyethylene obtained from linear extrapolation was estimated as
v¢ =48.75mJ.m~2. From the previous considerations we conclude that after

TOT

plasma treatment when >~C, the sample is well wettable.

Correspondence of surface hydrophilicity to total surface energy after plasma
treatment by means of two different gas admixtures Oy and Ny, is assessed in
Fig.5.28. The contact angle was measured for distilled water drop with vol-
ume 8 pul. Contact angle of non-treated LDPE sample was about av~ 85° and
quickly fell down to less than a~30° during the first 50s of the treatment,
see Fig.5.24. The Ar/Ny discharge mixture has been found to be more ef-
fective than Ar/O,; it yielded higher total surface energy and, consequently,
smaller contact angle within the same treatment time. Irregularities were not
observed in decreasing contact angle curves, see Fig.5.28. The small total
energy descent followed by re-rise during first 50 s in both types of discharges
was probably due to the discharge instability in the initial time period after

ignition, as described above.

5.3.2 Plasma sterilisation

Bactericidal effects of the plasma generated by the described surfatron-based
experimental system were investigated, too. The suspension of sterile water
and the defined bacteria culture was inoculated on the cultivating medium
(agar) in appropriate concentration. The gram-negative Neisseria sicca,
Deinococcus radiodurans and the gram-positive Enterococcus feacium, Steno-
trophomonas maltophilia were used as model bacterial cultures. The concen-
tration of bacteria on the cultivating medium was approximately 600 cm ™2

to get the continuous overlay of bacterial coat on the sample.

The samples were placed on the table distanced z=3cm from the nozzle

outlet and exposed to plasma burning in open air. At such high pressure,
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i.e. 1atm., the highest power P=300W had to be delivered. The mixtures
of Ar/Oy and Ar/Ny (590/10 in sccm) were used. Under this experimental
conditions plasma was burning only in the tube near by surfatron. Neverthe-
less, very weak plasma stream exiting the tube was visible in the darkness.
Plasma stream temperature, measured simply by thermistor, was estimated
roughly about 40 °C. Such low temperature together with open air conditions
enabled presumption that bactericidal effect is not caused by high tempera-
ture and vacuum, respectively. The exposition time ¢ varied from 30 seconds
up to 8 minutes. After plasma exposition the samples were cultivated for
the appropriate time and the bactericidal effect of particular experimental
conditions was evaluated from the area of the zone of inhibition X in de-
pendence on the treatment time ¢. Detailed description of the methodology

is given in [149]. The sterilisation procedure is illustrated in Fig. 5.29.
PLASMA

&
\

EXPOSITION

> 37°C ®

INOCULATION CULTIVATION

./

Fig. 5.29: Sterilisation procedure Fig. 5.30: The zone of inhibition is
consists of four basic steps: inocula- separated from the continuous coat by
tion, plasma exposition, cultivation, comparatively sharp boundaries.
evaluation.

EVALUATION

The photography of one inhibition zone on continual bactericidal coat is in
Fig.5.30. Results for the evaluated X; in dependence on time of exposi-
tion ¢t are shown in the table Tab.5.1. It is evident from the table that
the efficiency of bactericidal effect is not the same for all used gas-mixtures
and all the bacteria cultures. The bactericidal effect of Ar/Oy gas-mixture
became visible already after ¢ =1min especially for gram-negative bacteria.
For gram-positive bacteria Deinococcus radiodurans the bactericidal effect be-

came visible after t =2min. The Enterococcus feacium was resistant and the
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Gas mixture Ar/O4 (590/10)
Xo.5 X1 Xs Xy Xy

Bacteria [mm?] | [mm?] | [mm?] | [mm?] | [mm?]
Neisseria Sicca 0 34 67 110 165
Deinococcus radiodurans 0 0 69 109 123
Enterococcus faecium 0 0 0 0 0
Stenotrophomonas maltophilia 0 30 64 113 176

Gas mixture Ar/Ny (590/10)
Xo0.5 X1 Xs Xy Xy

Bacteria [mm?] | [mm?] | [mm?] | [mm?] | [mm?]
Neisseria Sicca 0 0 0 30 77
Deinococcus radiodurans 0 0 0 50 98
Enterococcus faecium 0 0 0 0 0
Stenotrophomonas maltophilia 0 0 0 15 58

Tab. 5.1: The areas of the inhibition zones (X) of bacteria exposed to the discharge for
t=0.5, 1, 2, 4 and 8 minutes in Ar/O2 and Ar/Ns (590/10 in sccm); discharge generated
at atmospheric pressure.

bactericidal effect was not detectable even after ¢ =8 min of exposure. For
Ar/N, the bactericidal effect became visible after ¢ =4 min for both gram-
negative and gram-positive bacteria Detonococcus radiodurans. The gram-

positive bacteria Enterococcus feacium was resistant like in the previous case.

5.3.3 Plasma stimulation of seed germination

The Lamb’s Quarters (Chenopodium album agg.) seed was stimulated by
plasma discharge with the aim to increase germination. The experimental
conditions were set in such a way that the fog-like form of discharge was
created - p=4kPa, P=100W, Ar/O5 or Ar/N; (590/10 in sccm). The seed,
placed on petri dish distanced z =3 cm from the nozzle outlet, was treated for
relatively long time, up to ¢t =50 min. Afterwards the germination was tested
by standard ways and statistical methods under laboratory conditions. The
results are summarized in Fig. 5.31. Only the percentages of total amount of

successfully germinated seeds after 8 days are depicted in the graph.

The seed was stimulated and the germination increased roughly three-times,

from 15% up to 50 %, after treatment in the Ar/O, surfatron discharge.
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Fig. 5.31: Dependence of seed germination on plasma treatment time for the Lamb’s
Quarters seeds. The fluctuations of germination percentage for plasma treatment times
longer than 20 min are probably due to statistical error.

In the interval 0-20 minutes the germination increased almost linearly. For
longer treatment times the germination remained more or less constant; slight
fluctuations are probably due to statistical error. In our opinion, the plasma
stimulation of seeds might be caused by two major effects: (i) by erosion
processes of seed protective coat and (ii) by germicidal effect of Ar/O, dis-
charge. Indeed, the oxygen plasma can erode the protective seed-coat and
growth of seeds is easier. This presumption is supported by the experimen-
tally observed dynamics of germination: the plasma-treated seeds started to
grow as early as after (approximately) 5 hours while non-treated seeds as far
as after several (2-3) days. Bactericidal effects of oxygen mixture plasma
were confirmed earlier (see previous chapter 5.3.2). In this way the surfa-
tron - generated discharge could remove bacteria off the seed protective coat.
This effect was also supported by the experimental observation: the treated
seeds (unlike sometimes the untreated ones) did not become mouldy dur-
ing germination under laboratory condition. Ar/Os discharge seems to be
more efficient than Ar/N, discharge as it supports both the above mentioned

stimulation mechanisms.



6. EXPERIMENTAL RESULTS AND DISCUSSION OF DC
PLANAR MAGNETRON PLASMA DIAGNOSTICS

Dc planar magnetrons are quite often applied in surface technology at present
time. Hence, plasma generated by dc planar magnetron system, described
in first part of the chapter, which is used for deposition of thin films was
investigated. Below there are mainly presented results of single probe mea-
surements in magnetron discharge generated in continuous (cw) and pulsed
regime. Moreover, measurements with an energy resolved mass spectrometer
were also done to support interpretation of some physical effects. The inves-
tigated magnetron was operated in balanced (BLM) as well as in unbalanced
(UNB) mode with the arrangement for deposition of TiO, and TiN, layers.
Therefore, Ti target and Ar, Ar/O, and Ar/N, gas mixtures were used for
experiments. This part of work has been done in the University of Geifswald

(Germany), where the author of the thesis spent on leave 15 months.

6.1 Experimental setup for layer deposition

Dc planar magnetron sputtering system, investigated in the frame of doctoral
study, consisted of a commercial planar magnetron of the type VTech 75 by
Gencoa. Simple disk-geometry of the cathode was used. The target made
from Ti (Ti 99.9% purity grade, diameter 77 mm, thickness 8 mm) was di-
rectly connected with the cathode. Water cooling protected the cathode from
overheating and consequent destruction. The magnetron could be operated
either in BLM or UNB mode by mechanically changing permanent magnet
configuration [150], see Fig.3.5. This could be done while the discharge was

on. The cathode structure was shown in Fig. 3.3. The magnetron was fed by
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Fig. 6.1: Experimental DC planar magnetron setup.

commercial dc power supply AE MDX 500 with the voltage range down to

-620 V designated for continuous regime.

The magnetron was inserted into lower part of the ultra-high vacuum (UHV)
chamber, electrically isolated from the walls; see Fig.6.1. This UHV vac-
uum chamber, spherically-shaped with diameter about 70cm, was made
from stainless-steel. The whole magnetron cathode was movable in verti-
cal direction, which allowed changing the distance between the target and
the substrate. The vacuum chamber was pumped out by turbomolecular
pump Pfeiffer TMH 1600, backed by rotary vacuum pump, down to ultimate
pressure 1078 Pa. Pressure was adjusted by a throttle gate valve VAT 64
installed between the chamber and the turbomolecular pump. The valve
was controlled by VAT control unit PM-3. The flow rates of working gas
or mixture of carrier and reactive gases were controlled by MKS mass flow
controllers in the ranges up to 2, 20 and 100scecm. Ar was used as carrier
gas, Oy and Ny as reactive gases; each with high purity grade 5.9. Argon gas
injection line was fitted to the magnetron cathode. This allowed directing
of argon gas over the target surface. Reactive gas pipe was inserted into

the chamber with its nozzle end situated not far from the target. The mass
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flow controllers, the throttle valve and the magnetron were PC-controlled via

their own control units.

The pulsed regime of magnetron was realized by a combination of the dc sup-
ply and handmade electronic power switch. In series with the discharge path
there was inserted a ballast resistor (R=15€2). As a source of dc discharge
power during the active impulse served series of big capacitors, which were
charged from the dc source during the idle part of the period. In such manner
the discharge current during the pulse could reach much higher values com-
pared to the current limit of the used dc source. The switch was activated by
a signal from pulse generator Agilent 33120A. The leading edge of the pulse
served as a trigger signal for time-resolved probe acquisition system which
was described in chapter 5.1.1. The same diagnostics device was used for

measurements in cw regime.

The probe, made of tungsten wire 250 pm in diameter and with active length
3mm, was inserted into the chamber using radially movable feed-trough, elec-
trically isolated from the vacuum chamber. The probe was situated near the
plane of the substrate (distance roughly 65-85mm from the target) as well
as near the target (minimum distance 15 mm from the target); see Fig.6.1.
Different radial distances were achieved by inclining the probe holder. The
probe tip was perpendicularly oriented to the magnetic field lines. Such ar-
rangement minimized the effect of magnetic field on the probe [125]. Further,
the magnetic field B in the plane z =65 mm measured from the target was
less than 1 mT. As a calculated mean Larmor radius 7. for electrons was
much larger than the radius of probe wire 7, rr. > 7, [120], the influence of
magnetic field upon measured data could be neglected. This criterion was

also valid in the plane z =15 mm.

6.2 Probe investigation of Ar and Ar/Ny discharge

The experiments were carried out in experimental configuration described
in previous section 6.1 and the scheme is depicted in Fig. 6.1. Argon and

a mixture Ar/Ny were used as working gases. The flow rate of working gas
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was constant - Ar (19scem) and reactive admixture Ny (1scem). Discharge
power P, determined as a product of instant cathode voltage and discharge
current, was varied in the range P =10-120 W; the pressure p in the cham-
ber was optional p=0.3-1.2Pa. The power supply of the magnetron was

stabilized to the discharge current.

The so-called double Maxwellian EEDF, with two hardly distinguishable
groups of electrons, typical for Ar discharges at low pressures [91], was fre-
quently met during I-V probe characteristic processing. At first the plasma
potential V;,; was determined as the probe voltage corresponding to zero-cross
of the second derivative of the I-V characteristic. Then the measured data
of the second derivative of the probe characteristic were integrated in order
to find the mean electron energy E,, using equation (4.14). The interval of
integration was limited by a suitable value chosen by the user on the higher
energy side and by V}; on the lower energy one. The electron density n.
was estimated from 42 vs. V], plot in the electron accelerating regime (4.10).

No noise reducing filters were used.

The ion current i; versus energy measured by a plasma monitor represents
an ion distribution function (IDF). This IDF is not the velocity distribu-
tion function nor the energy distribution function defined in kinetic theory
[151], as the free space distribution function is modified by the interaction in
presheath and sheath and by the acceleration to the extraction hood of the
monitor. Therefore, the free space velocity distribution function can be cal-
culated only in very special cases from plasma monitor measurements. The
IDF in direction to the orifice of the plasma monitor was measured. With this
distribution function the ions are hitting the substrate. The integral over the
measured ¢; is a measure for the ion flow density to the substrate. The total
ion current to the substrate and the average ion energy can also be calculated
[152]. For plasma monitoring the plasma process monitor PPM 421 (Balzers)
was used. The orifice of diameter 0.1 mm was located at the substrate posi-
tion. The extraction hood was biased with -20 V. The distribution functions

of Ar*t, Art*+, Tif, Tit*, N*, N** and NJ ions were measured.
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Fig. 6.2: Dependences of n, on power delivered to the discharge. The probe was situated
near by the plane of substrate position, z =88 mm from the target, at the target axis.

In following graphs the dependences of plasma parameters on the power are
shown. All presented measurements are done at the axis of the discharge.
Fig. 6.2 shows the n, dependence on the power in Ar and Ar/N, discharge for
different pressures and working modes. The left graph is for pure Ar and the
right one for Ar/N, discharge. Generally, the n, increases with power and is
higher in UNB than in BLM mode. The n, depends on the pressure - at lower
pressures the n, is lower, too. The differences between BLM and UNB mode
are caused by ionisation processes created by different types of magnetic field.
The electron density is higher in Ar/N, discharge (n,~ 10 m=3) than in Ar
discharge (n,~ 10" m™3), which could be caused by enhanced ionization of
nitrogen particles via Ar metastables. We observe weak decrease of n, with

the radial distance from the target axis, less than 10 % (not shown).

The mean electron energy FE\, is higher in UNB than in BLM mode in both
types of discharges, see Fig.6.3. The difference between averaged energies
for the same pressure is relatively small. The FE,, are higher in Ar (F,, ~1.8-
3.6¢eV) than in Ar/N, discharge (E,~1.6-2.5¢V). The interesting shape
of dependences with maxima around 70 W, especially obvious in Ar/N, dis-
charge, is due to ionisation of Ti. The amount of Ti atoms increases exponen-
tially with the discharge power, see Fig.6.4. The lower ionization potential

of Ti reduces the energy of electrons. The FE,, is reciprocally proportional to
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Fig. 6.3: Dependences of Ey, on power delivered to the discharge. The probe was situated
near by plane of substrate, z =88 mm from the target, at the target axis.

the pressure. This is an indication of the influence of the mean free path,
which shows similar behavior. Decrease of E, with the radial distance is
somewhat more pronounced in BLM than in UNB mode (about 15 %). The
plasma potentials V) showed qualitatively a similar behavior as the F,, with

slightly positive values V,;~0.5-2.5V.
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Fig. 6.4: Dependences of integrated areas for Ar™ and Ti™ on power delivered to the pure
Ar discharge.

In case of pure Ar discharge the ion flow density to the substrate is estimated
by Ar" ions followed by Ar™™ ions, the contribution of which is by about

one order of magnitude lower. At low powers the contribution of Ti™ ions
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is about 1%. At higher power and pressure this contribution reaches the
level of Ar*™ ions (about 10 %). Ions Tit™ contribute less than by 0.1 %.
Fig. 6.4 shows the areas for Ar™ and Ti* ions vs. discharge power for pure

Ar discharge.

As expected from the probe measurements, the Art ions flow density in-
creases roughly proportional to the discharge power P. The flow increases
with pressure p and is higher in UNB mode. The flow of Ti" ions increases
approximately exponentially with P. The amount of sputtered Ti atoms is
proportional to the discharge power, too. But, because of the lower ioniza-
tion potential, atoms Ti will be preferentially ionized compared to Ar. This
effect leads to the strong increase of Ti* ions. The ionization degree of Ti
is much higher than the ionization degree of Ar. Moreover, this effect re-
duces the £y, Fig.6.3, and increases the n, somewhat more than linearly.
The maximum energy of the distribution function of Ar* depends on the
plasma potential. It is remarkably lower in case of BLM mode compared to
UNB one. This energy increases with the power and has got a lower slope
for high powers. If Ny is added to the buffer gas, the total flow densities of
ions increase in agreement with the higher plasma density (Fig.6.2). The
amount of nitrogen ions depends on pressure, nitrogen flow rate and power.
Generally, N is the dominating nitrogen ion followed by N* and N*+. At
low Ny flows (< 0.5scem) there is a maximum of the Nj ion flow for smaller
powers. At 2 sccm of Ny the NJ ion flow increases almost proportionally
to the discharge power. At high pressure it reaches the level of Ar™ ions.
It seems to be strongly influenced by the amount of Ti ions, see discussion

above.

6.3 Diagnostic of Ar/O discharge

Oxygen based plasmas are frequently used in technological processes, e.g.
in deposition of oxide layers, plasma etching, plasma sterilisation etc. Effi-
ciencies of these processes are usually caused by presence of negative oxygen

ions, radicals etc. Thus, investigation of negative ions properties belongs to
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the most interesting subjects in electronegative plasmas. However, the probe
diagnostic of the electronegative plasma is more complicated compared to
the electropositive one. Presence of negative ions in plasma changes the -V

characteristics and complicates the interpretation of Langmuir probe data.

Methods determining negative ion density in electronegative plasma from
Langmuir probe measurements were proposed, e.g., in [153, 154, 155]. The
approach in papers [154, 155] is based on comparison of two probe char-
acteristics, the first taken in pure electropositive (Ar) plasma, the second
measured in electronegative (Ar/O) plasma. Determination of negative ion
density and explanation of their creation together with another plasma char-
acteristics by means of Langmuir probe measurements are mainly discussed
in this chapter. In spite of the fact that absolute values are burdened by larger

computational error, the method gives us idea about negative ion properties.

6.3.1 Evaluation of probe data with respect to the presence of negative

ions

We determined plasma parameters from Langmuir probe measurements by
a method generalizing a procedure applied in [155]. In the following text the
subscripts 'e’, 'p’ and 'n’ denote quantities related to electrons, positive ions
and negative ions, respectively. Quantities concerning electronegative plasma
are labeled by dash. Let us start our considerations with remembering some
relations for electropositive plasma. For the sake of simplicity we suppose

the Maxwell electron energy distribution function.

Thus, the electron current component of the characteristics in the transition

region is

T
te = €Apne - e ~exp(v>, V < 0. (6.1)

2TMe i
where A}, is the probe area, V' is voltage bias between the probe and plasma,
ne is electron number density and T, is electron temperature measured in

volts (= kT, /e with T, measured in Kelvins).

Not a few theories have been proposed for description of the positive-ion
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current and ion current theories do not provide sufficiently reliable and un-

doubted results. We assume here a general form

T,
iy = eApnp-,/%.F(v, T.,\), V <. (6.2)
1%

with function F specified by a particular ion-current model. Parameters \ are
optional and can be determined empirically by fitting the formula (6.2) to the
measured data in the region V' < 0. For instance, in collisional theories of ion
current the A parameters should be the Debye number Dy =1,/Ap and the
Knudsen number K, = \; /. Multiplicative factor /€T, /m, denotes Bohm
velocity vg of positive ions at the sheath-presheath edge for the collisionless

plasma sheath [5].

Let us now consider electronegative plasma. The presence of negative ions
does not significantly influence the part of characteristics where electron cur-
rent is dominant as the inequality 7./me>> T} /m, yields I.>> I]. For in-
stance, usual ratios 7" /T" ~ 10%, m¢/m! ~ 1073 and n /n/, ~ 1 give I’/ I! ~ 102.
Hence, the characteristics of electronegative plasma near the plasma poten-
tial can be treated as pure electronic and the plasma potential Vrfl, electron
number density n, and electron temperature 7! can be determined by stan-

dard procedures.

On the contrary, more controversial is the assumption that the model (6.2)
of positive-ion current holds for electronegative plasma with the same pa-
rameters A\. There is also some discussion concerning validity of the Bohm
criterion. Braithwaite and Allen [156] obtained for low pressures the modified

Bohm criterion

i / !
v = eTe. Nps Iy (6.3)
/ ! ! / 77 :
mp nesTn + nnsTe

where the subscript s’ denotes local values at the sheath edge. At low colli-
sionality the negative ions are confined in the plasma bulk, thus n, ~0 and
the normal Bohm criterion applies. We suppose here - with some uncertainty

- that the model (6.2) remains valid for electronegative plasma, too.
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A general method determining parameters of electronegative plasma from
Langmuir probe measurements can be shortly described as follows. First, a
comparative characteristic of electropositive plasma existing in similar con-
ditions is measured and from its electron part the electron number density
ne and the electron temperature T, are determined. Then from its ion part
and with the equality n, =n. taken into account the optional parameters A
of the ion current model (6.2) are specified. Knowing these parameters, the
characteristics of electronegative plasma can be processed. The electron part
of the characteristics measured in electronegative plasma gives the electron
number density n, and electron temperature 7. The model (6.2) applied to
the positive-ion saturation current gives the positive-ion density nj,. Finally,
the negative-ion density n! is determined from the quasineutrality condition,
My =Ny, = T

In our measurements the common procedure outlined above was specified as
follows. For the electrons we supposed Maxwellian (6.1) or double-Maxwellian
distribution. In both measurements in electropositive and electronegative
plasmas the plasma potential was determined from the first or second deriva-
tive of the characteristics and the electron density and temperature were de-
termined by fitting the single-Maxwell (6.1) or double-Maxwell formula to

the measured data.

For the positive-ions we applied empirical ion current model (6.1) with

V K
F(V) = C<1 - T) (6.4)
or
V" eT
i :D<1—> : D = eAyn, [—C (6.5)
p Te p'"p my,

Parameters A= (C, k) can be determined from the region V' <0 of charac-
teristics measured in electropositive plasma. For dc discharge in Ar plasma
under experimental conditions which were investigated we obtained x~ 1.4,
C~0.2.
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/
p7

in electronegative plasma without unnecessary multiplicative factors, we em-

To express the ion densities n/, n/, and the degree of electronegativity o« = n/,/ n,

ploy symbols

/ n/
e = e Ny = 2 (6.6)
Ne Ny
Then
ny, = Yne, ny = (Y —€)ne, a =1 —i (6.7)

In our method ¢ is evaluated directly as the electron densities n, and n, are

explicitly determined. The parameter 7 is

T, my D'
N (6.8)
7 m, D

with parameters D" and D determined by fit of the model current (6.5) to the
ion parts of the characteristics measured in electronegative and electroposi-

tive plasma, respectively.

For comparison, the less general method described in [155] is also included

in the scheme (6.6 and 6.7), now with parameters

T. . (0) T, my i;
= /= =2 = |= -— = 6.9
: 17 i. (0) ! 5 mp i (69)

The first expression follows from the Maxwellian electron characteristic (6.1),
the second one is a consequence of the simplest but not quite adequate model

of constant positive-ion saturation current (i, = D).

There are two error sources in determining the ion densities. The first one
is connected with the assumption that parameters A in (6.2) (or C, k in
(6.4)) are identical in both electropositive and electronegative plasmas. To
minimize this error, the state of the reference electropositive plasma should

be as close to the state of electronegative plasma as possible.
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The second error arises due to the positive-ion mass uncertainty. The effective

mass m,, of a mixture of positive ions is defined by the formula

1 v(X)
= X
VMp Xp( )

6.10
() (6.10)

where p (X) is fraction of a positive-ion species X (X p (X) = 1), v (X) is its
ionization degree (v = 1, 2, ...) and m (X) is its mass. The kind of positive
ions and their density in Ar/Os plasmas were roughly estimated by plasma
monitor measurements. The obtained orders of magnitudes of relative ion
concentrations are shown in the table. Similar values for Ar™ and Art* were

detected in pure Ar plasma.

X n(X) [a.u]
Art 10° — 10!

Artt 100
OF 101
(Ohs 1072

Oft | 107° — 107

Neglecting fractions of positive oxygen ions, one obtains from Eq. (6.10)

B m (Ar)
e = T A (6.11)

On account of plasma monitor analysis we estimated p(Ar™™) in the range
(0.1, 0.3) for all measurements regardless of whether the investigated plasma
was electropositive or electronegative one. Hence, m, = (0.7 £ 0.1) m (Ar),
v/mi/mp=1+£0.2. The error of the parameter v in (6.8) is due to the
positive-ion mass uncertainty estimated up to 30 %.

6.3.2 Experimental results and discussion

The slightly electronegative Ar/O, magnetron discharge was investigated

with the main goal to diagnose the density of negative ions n, together with
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other plasma parameters as electron density n,, electron temperature 7, and
plasma potential V},;. The n, was calculated by the procedure described in the
previous section. In the following graphs we introduce experimentally deter-
mined plasma parameters depending on incoming power P=30-110W, on
axial distances from the cathode (z =45, 65, 85 mm) and on radial distance r
from the axis of the target (cathode). The given radial span corresponds
roughly to the target diameter, r =0-50mm. The pressure p=0.7 Pa in the
vacuum chamber was kept constant. The discharge was created from Ar as
a carrier gas with flow rate 19.5sccm. For Ar/Oy mixtures Oy was added as
a reactive gas with two typical flow rates 0.75 and 1.5sccm. Measurements
were carried out in both BLM and UNB modes.

The sputtering process is influenced by mutually dependent cathode voltage
and discharge current. To simplify the analysis we used their product as an
optional parameter specifying the plasma discharge. Further argument for
choosing power as an experimental parameter lies in the fact that it char-
acterize a lot of former measurements; therefore it is possible to compare
these former results with processed data. However, power does not always
adequately characterizes the process; some of the investigated plasma pa-
rameters like V;; are better characterize by discharge voltage. The target
oxidation is necessarily accompanied by increase of cathode voltage and that
has to be taken into account as an another error source. This target oxidation

is important mainly in mixtures highly subsidized by oxygen.

Power dependences of n, for two different Ar/O, ratios are presented in
Fig.6.5a. The figure Fig.6.5b depicts power dependences of n,. As plasma
monitor data showed, relative concentration of atomic oxygen ions O~ is by
two orders of magnitude higher than concentration of molecular oxygen ions
O5 . Hence, negative ion density concerns atomic oxygen ions O~.

The n, is lower than the n, roughly by one order of magnitude, n, ~ 10 m=3,

ny~10%m=3. The n, is higher in UNB than in BLM mode by several hun-
dreds percent. Fig.6.5b shows that dependences of n, on O, concentration
or magnetron mode have opposite behavior compared to analogous depen-

dences of n.: if ne is lower, then n, is higher and vice versa. Electrons
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Fig. 6.5: Dependences of n, (a) and n, (b) on power, p=0.7Pa, z=65mm, »=0mm,
Ar (19.6sccm), Oz (0.75 and 1.5scem).

escaping from the magnetic trap are caught by oxygen particles, n. decreases
and new negative ions originate, n, increases. More detailed analysis of this

phenomenon has to be done.
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Fig. 6.6: (a) Power (r=0mm, z=65mm) and (b) radial (z =45, 65,85 mm, P=70W)
dependences of T, p=0.7Pa, Ar (19.6 sccm), Oz (0.75 and 1.5 scem).

The difference between electron temperatures 7, at particular dc power in
two different Ar/Oy mixtures is much larger in the BLM mode compared to
the UNB one, see Fig. 6.6 a. Presence of oxygen in the discharge increases 7.
The energy equal to electron affinity of particular specie (for atomic oxygen

1.48¢V) is released at the time of negative ion creation process. Electron
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affinity of Oq is comparatively small - 0.45eV. Such energy is not sufficient to
dissociate the Oy molecule when an electron is attached since its dissociation
energy amounts to 5.1 eV. It is therefore supposed that O, is first dissociated
by electron impact and then the negative atomic oxygen ion is created by
electron attachment. O, dissociation process has resonance electron energy
around 6.5eV [157]. Most of the electrons with such energy spend therefore
their energy on the dissociative electron attachment of Oy. At the same time
the low energy electrons can efficiently transfer their energy to O, vibrations,
i.e. they heat the oxygen gas. Both mentioned processes deplete the electron

energy.

Comparison of radial dependence of T, in BLM and UNB is shown in Fig. 6.6 b.
In BLM mode we can see steep decrease of the temperature at the edge of the
discharge, while in UNB mode these dependences are more moderate. This is
probably caused by the different shape of magnetic field. In the BLM mode
the lower energy electrons cannot escape from the ”"magnetic trap” at the
magnetron cathode. The high energy electrons escape but lose their energy
stepwise in collisional processes. Possible reason for the local increase of the

T, at z=65mm can be as follows.

Magnetic field prevents electrons from escaping from the cathode vicinity,
therefore the n, is the highest near the cathode, see Fig.6.7a. In spite of
this, some amount of electrons around the axis of the target have enough en-
ergy (Fig.6.6b) for escaping from the cathode space while being accelerated
by electric field. That electron flux can dissociatively attach to electronega-
tive O2 molecules when the electron energy reaches the resonant value for this
process, i.e. the energy around 6.5¢eV. This process takes apparently place at
the height around z =65 mm, where negative ion density is the highest, see
Fig.6.7b. The electrons that do not participate in the dissociative attach-
ment flow further from the cathode and induce other ionisation processes.
This explains further increase of n. and decrease of T, in the z=85mm

compared to z =65 mm.
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Fig. 6.7: Radial dependences of: a) electron density n. and b) negative ion density ny;
p=0.7Pa, z=45,65,85 mm, r=0mm, Ar (19.6sccm), Oz (0.75 and 1.5 sccm).

The radial profile of n, is higher in UNB roughly by factor two compared
to BLM. Stronger radial fall was observed only at the distance z=45mm,
especially in UNB mode, see Fig.6.7a. The local n, minimum is located at
the distance z =65 mm. This local density minimum is accompanied by the
maximum of the electron temperature 7, (Fig.6.6b) as well as by the maxi-
mum of negative ion density in Fig.6.7b. As it is shown in Fig. 6.7 b, the n,
strongly depends on the radial position and - contrary to the n. distribution -
its maximum is shifted to the distance r ~15mm. The pronounced inhomo-
geneous distribution of oxygen ions can be maintained due to their smaller
diffusion coefficient. At the position of the peak the racetrack is located,
which is easy visible as an erosion rill. At larger radial positions the negative
ion densities are very low, n, ~ 101713 m™3. Such small values are burden
with large computational error but in spite of this the fact that radial dis-
tribution of negative ion density exhibits local maximum shifted apart from
the symmetry axis is evident. This behaviour was observed in both BLM

and UNB modes.

The ion density ratio n,/n, represents fraction of negative charge carried
by negative ions. This quantity is depicted in Fig. 6.8 in dependence on the
applied dc power. The BLM and UNB modes show opposite trends.
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Fig. 6.8: Dependence of n,/n, on power.

The dependences of plasma potential V,; vs. power are similar to dependences
T. vs. power, see Fig. 6.6. Addition of oxygen somewhat increases V,; at lower
dc power (P =50W). However, it is difficult to state generally that these
differences are due to the presence of Oy in the plasma as they are smaller
than 10 % and the error of measured values is estimated around 20 %. Plasma
potential cannot be fully characterized by the power as it strongly depends

on the cathode voltage.

6.4 'Time-resolved diagnostics of pulsed discharge during

deposition of TiO, layers

The dc unbalanced magnetron with Ti target, described in chapter 6.1, is
being mainly used for deposition of nanocrystalline TiO,, thin films. Plasma
density is the most important parameter which influences deposition effi-
ciency. Hence, magnetron configuration was operated in pulsed regime, see
chapter 3.2.1. For this reason, we selected the conditions more similar to
high power magnetrons with high peak power densities but small repetition
frequencies. Experimental conditions as the instant value of discharge cur-
rent [,, gas pressure in the reactor p, gas mixture ratio Ar/O, etc., were
varied in a broad range. The time evolutions of plasma parameters as elec-

tron density ne, electron temperature 7i, plasma potential 1} and EEPF
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were determined during the modulation cycle of pulse discharge excitation.
The presented results of temporal and spatial plasma parameters distribu-
tion supplement current knowledge about low-frequency pulsed magnetron

discharge with Ti target applied for the TiO, thin films deposition.

6.4.1 Experimental conditions and probe data evaluation

The UNB magnetron was operated in pulsed regime with the lower repetition
frequency of modulation cycle. The maximum peak current I, was limited
by technical equipment up to 20 A while much lower average current [,, was
used. Due to its low value we had to use low repetition frequency v, =250 Hz
in order to achieve maximum peak current 20 A. The length of the active part
of the modulation cycle was set up on T, =150 us in order to reach maximum
electron concentration as it will be described later. Pure Ar and mixtures
Ar/O, were used for pulsed magnetron discharge ignition. Flow rate of Ar
was kept constant at 19.5sccm in all experiments. Mixture of Ar and O,
gasses was created by adding of 0.5, 1.5, 4.5, 8.0sccm of Og respectively.
The pressure in the chamber was typically kept at 5 Pa. The maximum peak
discharge current was 15A (in Ar/Os) and 20 A in pure Ar discharge. In
all figures and graphs, only details of single time period 0-500 us is depicted.
Assuming radial symmetry, plots of radial profile include only a half of the

total curve. Presented data are interlaid by B-spline curves.

The plasma was excited by combination of dc voltage supply working up
to dc voltage -620 V and maximum dc current 1 A and by pulse modulator
with high parallel input capacity. This system was capable to excite dc pulse
magnetron discharge with maximum average current 1 A but with maximum
instant current roughly about 20 A in a pulse. In series with the discharge
path a ballast resistor (R=15§2) was inserted in order to avoid arcing and

to stabilize the discharge current.

Apparatus for time resolved Langmuir probe measurement, described in
chapter 5.1.1 was used for the experiment. Time resolution of the acqui-
sition unit with input amplifiers was better than 5 us. The time response of

all the Langmuir probe system was tested with rectangular current pulses
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added to the probe tip. This measurement confirmed that time response of

the system is shorter than 5 us.

Probe voltage V;, was measured relative to the grounded body of the vacuum
vessel. The probe voltage relative to the plasma potential is then described
V =V, -V,, where V,; denotes the plasma potential. The voltage at which
the probe current is zero is floating potential V. The second derivative
of the electron current characteristics in the retarding region determines the
electron energy probability function, defined by (4.4), with energy E/e=—V

measured in volts.

Assuming Maxwellian electron energy distribution, the dependence of the
electron current on the voltage V' can be described using equations (4.8) and
(4.9) as

) el \%

ie = eApne - S - exp (ﬂ>’ V < 0, (6.12)
el V12

. = eAn,- (1 4+ — 1

le eApne S ( + Te> , Vo> 0, (6.13)

where e is elementary charge, A, is the probe surface, 7¢ is the electron
temperature measured in volts and m, and n, are the electron mass and the
electron number density, respectively. A computer code enabling comprehen-
sive processing of the probe characteristics has been developed. The n, and
T, are determined by fitting the electron current characteristics according to
formulas (6.12, 6.13) since in all cases we were able to approximate the elec-
tron distribution by Maxwellian function; see next chapter and Fig.6.12a. T,
determined in this way corresponds within an error of a few percent with the
electron temperature Ty determined by integration of electron distribution

function according to (4.14).

6.4.2 Results and discussion of time-resolved measurements

The time evolution of the instant discharge current during the whole modula-
tion cycle was measured. First this measurement was done only with ballast-
ing resistor, which worked as a dummy load without magnetron discharge.

Current and voltage waveforms were practically rectangular with negligible
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error in this case. The instant current and voltage at the resistor dropped to
zero when the active part of the modulation cycle ended. These tests were
performed for different currents in the resistor up to maximum 25 A in the
peak and maximum voltage -375 V. The same repetition frequency and duty
cycle were used both at these tests and for the experiments with magnetron

discharge. The switching time delay was of order of nanoseconds.
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Fig. 6.9: upper) Time evolution of peak current in active pulse, p=>5Pa, Ar19.5sccm,
04 1.5 scem, lower) time evolution of voltage Ucqgr and Ug in pure Ar (-620V).

Evolution of the magnetron discharge current is in Fig. 6.9 for different com-
position of gas mixture Ar/O, and different maximum voltage on the serial
connection of ballasting resistor and magnetron cathode Ucyg. Time evo-
lution of the cathode voltage Ug measured directly on the cathode is also
shown in Fig.6.9. The measured Uc,g was constant during the active part
of modulation cycle for all the investigated conditions. Instant discharge
current was linearly increasing in the first 30- 70 us of the modulation cycle
before it reached the maximum value (Fig. 6.9). Duration of this increase was
dependent on the maximum current in the peak. This duration was shorter
for higher current peak. The behaviour is an effect of the plasma impedance
evolution because Ucygr has a constant magnitude during all the active part
of modulation cycle from its beginning. Similar effect of slow current increase

was observed, for example, in [94].
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Determination of electron density in pulsed magnetron

Figs.6.10 and 6.11 show the time evolution of electron density n, within
the modulation cycle. It is obvious, see Fig.6.10a, that n, is strongly in-
fluenced by the distance from the target. Near the target (z=15mm) n,
reached 1, ~ 1.3 x 10" m~ in pure Ar and n,~3 x 10" m~3 in the mixture
of Ar/O,. During the active part of modulation cycle, n, always reached
maximum value in the interval between 50 - 100 us, with correlation with the

time evolution of the discharge current (Fig.6.9).

T T T T T

“r - —m—Ar, | =20Az=15mm|] 25 —m—Ar

121 —0—Ar+0,, Ipeak =15A,z=15mm | | —— Ar+OZ (0.5 sccm)
— --0--Ar, IDeak =20A,z=65mm — ) Ar+O2 (1.5 sccm)
‘e 10l ~0-Ar0, | =15A,z=65mm | | e 201 Ar+O, (4.5 scem)
= e —&— Ar+0, (8.0 sccm)
g 81 4 E pure Ar (19.5 sccm)
Y = 15 ’ E
2 6 . 2
[} ()
° © 10}
5 4f : 5
8 8
o 2F b ° 5F

L]
o 1 N OFF
. . . . . 0 . . ’ n
0 100 200 300 400 500 0 100 200 300 400 500
time [ps] time [ps]
a) ne at different axial positions b) ne in different gas mixtures

Fig. 6.10: Temporal evolutions of n.: a) at different axial positions Ar 19.5sccm,
Oz 1.5scem, p=>5Pa, r=0mm, Therioa =4ms, b) in different Ar/O, ratio mixtures,
Ar 19.5sccm, Oz 0.5, 1.5, 4.5, 8.0sccm, p=5Pa, r=0mm, z=65mm, Tpericd =4 ms,
I, =10A.

It was shown that with increasing oxygen percentage in the gas mixture n,
decreases, although the instant discharge current is the same. This phe-
nomenon is clearly illustrated in Fig.6.10b where the maximum discharge
current in the active part of modulation cycle was held constant at I, =~ 10 A
for all gas mixture compositions. It is clear that n, was more than twice lower
in Ar/Os mixture (for Oy mass flow 4.5 and 8sccm) than in pure Ar. We
suppose that this decrease is due to the presence of negative oxygen ions
in the discharge. Negative atomic and molecular oxygen ions were detected
in magnetron discharges in oxygen gas many times [158, 159]. Explanation
that n, decreases in oxygen due to inelastic collisions of electrons with oxy-

gen molecules and excitation of their vibrational levels is less probable. As
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it was shown in Figs.6.12b and 6.13a, the presence of Oy in the plasma
increases the electron temperature T,. Furthermore, results of n, in Ar/Ns
gas mixture were investigated by Petrov et al. [160]. In this mixture the
negative ions cannot be created from Ny and N atoms. In the mentioned
paper, experiments were done with Ti target and constant dc discharge cur-
rent. Different amount of Ny in Ar/Ny gas mixture from 0% up to 100 %
was used. Only very weak decrease of n, was observed for increasing nitrogen
amount in the plasma. Electron density was n,~6 x 10" m~ in pure argon
and n,~5.5x 101" m™3 in the mixture of Ny /Ar and even in pure N,. Sim-
ilar behavior was observed in our system in cw regime, see chap. 6.2 - if Ny
was added into the discharge, n, even increased. Although more processes
can be involved, this experiment supports our statement that the decrease
of electron concentration for higher amount of Oy was caused by negative
oxygen ions. It is very probable that negative oxygen ions were generated by
dissociative electron attachment as it was described in previous section 6.3,

and because of this process the density of free electrons is reduced.
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Fig. 6.11: a) Temporal evolutions of ne, Ar 19.5sccm, Og 1.5scem, p=5Pa, r=0mm,
z=65mm, Tperica =4ms. b) Radial dependences of n., Ar 19.5sccm, Og 1.5scem,
p="5Pa, t =100 us, Tperioa =4 ms, z15 - axial distance 15 mm from the target, z65 - axial
distance 65 mm from the target.

Radial profiles of n, are shown in Fig.6.11b. The shapes of the profiles
were strongly influenced by the distance from the target. In the position

z=15mm, the plasma is bound to the cathode and in the radial distance
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r=30mm from the target axis, the probe is practically out of the active dis-
charge. On the contrary, near the substrate plane at z =65 mm the plasma is
spread more homogeneously and n, is almost independent on the radial dis-
tance. This fact can be utilized during the deposition process. Homogeneous

layers over large substrate could be deposited at this distance.

Determination of electron temperature in pulsed magnetron
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Fig. 6.12: a) Typical EEPF at different delays after power pulse leading edge, Ar 19.5 sccm,
02 1.5scem, p=>5Pa, r=0mm, Tperiod = 4ms, Thctive = 150 us. b) Temporal evolution of
T, Ar 19.5sccm, Oz 1.5scem, p=>5Pa, r=0mm, z=65mm, Tperioq = 4 ms.

In many works mentioned above a bi-Maxwellian electron distribution [91]
with high energetic electron group was found in the magnetrons operated in
pulsed regime [99, 112]. The quality of our probe data enabled us to perform
investigation of EEPF. Typical results are shown in Fig.6.12a. We see ap-
proximately Maxwellian distribution in pure Ar discharge as well as in the
mixture Ar/O,. To verify it, we calculated the effective electron temperature
Te from equation (4.14) and the T, from equation (4.12), respectively. Both
methods gave similar results with differences about 15 %. The effective elec-
tron temperature Ty calculated from (4.14) was typically lower than T, from
(4.12). Since the deviations of EEPF from Maxwellian did not appear to be
significant, all values of electron temperature shown below were computed

from formula (4.12) under assumption of the Maxwellian EEPF.
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The reason why we - contrary to other authors - did not observe bi-Maxwellian
distribution function in pulse magnetron lie in the fact that we have used rel-
atively higher pressure 5Pa. The bi-Maxwellian function was usually found
in magnetron system working at lower pressure below 1 Pa. Theoretical mod-
elling of electron distribution function in dc cylindrical magnetron was done
in [161]. In this work the dependence of EEPF on the pressure in magnetic
field was studied experimentally and theoretically. Bi-Maxwellian EEPF with
high-energy group was found at a pressure of 1Pa, but above 3 Pa EEPF it
was nearly Maxwellian or slightly deviated from Maxwellian with deficit of
electrons at higher energies. The results of this work confirm our explanation

why we did not observe bi-Maxwellian EEPF in our pulsed magnetron.
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Fig. 6.13: a) Temporal evolutions of T, in different Ar/Os ratio mixtures, Ar 19.5sccm,
0, 0.5, 1.5, 4.5, 8.0sccm, p=>5Pa, r=0mm, z =65mm, Tperica =4 ms. b) Radial depen-
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z=065mm from the target.

Time evolution of electron temperature T, during the first 500 us of modu-
lation cycle is depicted in Figs.6.12b and 6.13a. T, reaches its maximum
faster (20-50 us after onset of the active part of modulation cycle) than n..
After reaching local maximum 7, steeply decays. This decrease is probably
caused by high density of Ti particles sputtered from the target. Ti particles
can be easier ionised and excited (ionisation energy of Ti is 6.82eV in com-
parison with Ar 15.8eV). When Ti density in the plasma is high, inelastic

collisions of electrons with Ti atoms decrease average electron energy. It is
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expected that the density of sputtered Ti atoms in the plasma gradually in-
creases from the beginning to the end of the active part of modulation cycle.
The described dependence is evident in pure Ar - Figs.6.12b, and 6.13a. If
O, is added into the discharge, T, reached higher magnitude than in the case
of pure Ar. Fig.6.13a shows that for higher amount of Oy in the plasma
T, reaches higher magnitude and decrease of T, after local maximum is less
apparent than in the case of pure Ar. T, is approximately constant after this
local maximum up to the end of the active part of the modulation cycle for

the maximum O, flow rate 8 scem.

Two phenomena affect time evolution and magnitude of T, in our cases:
(i) The first one is connected with concentration of Ti atom in the plasma.
It is well known that after adding of Oy in the plasma the sputtering rate
of Ti sharply decreases. This is caused by oxidation of the target surface.
Instead of fast sputtering of Ti atoms only slow sputtering of TiO, layer from
the target surface predominates. This implies that the loss of electron energy
by inelastic collisions with Ti atoms is less intensive in the presence of O5 in
the plasma and T, is effectively higher. (ii) The second phenomenon, which
has influence on T, time evolution, is connected with creation of negative
oxygen ions. T, can be increased due to released energy of the magnitude of

electron affinity energy.

Radial profiles of T, above the target are depicted in Fig.6.13b. T, is appar-
ently higher at the target (z=15mm) than at the plane z=65mm. High
energetic electrons created near by cathode are trapped by strong magnetic
field at the target. They can escape from the magnetic trap only due to elas-
tic and inelastic collisions with atoms and molecules. Due to these collisions
they lose their energy during diffusion process into higher distances from the

target.
Determination of plasma potential in pulsed magnetron

Time evolution of the plasma potential V},; during modulation cycle is shown
in Fig.6.14 a. At the beginning of the active pulse, the plasma potential was
negative. During the active part of the modulation cycle the absolute value of

|Vp1| decreased. This phenomenon of negative V;,; and |V},| decrease was also
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observed in [99, 102]. Negative V},; was also observed in [101]. The authors

explain it by a thin oxide layer covering walls of the reaction chamber.
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Fig. 6.14: a) Temporal evolutions of V}, Ar 19.5sccm, Oy 1.5sccm, p=>5Pa, r=0mm,
z=15, 65 mm, Tperioa =4 ms. b) Radial dependences of V;, Ar 19.5sccm, Oy 1.5scem,
p=>5Pa, t =100 us, Tperiod =4 ms, 2 =15mm and z=65mm from the target.

On the other hand, we have observed negative V},; also in pure Ar before
use of Oy in the magnetron discharge. This means that explanation due to
the oxide layer on the surface of the chamber is not adequate in our case.
Vetushka et al. [102] measured also negative V;, in the pulse magnetron with
graphite target and pure Ar gas. They observed negative V}; also in the
active part of the pulse cycle. We attribute negative value of V;,; and |V,
decrease during the active part of the pulse to the strong electric field that
appears between cathode and grounded reactor in the first instant of the
active part of the modulation cycle. This field gradually relaxes, because
it becomes partially shielded due to the formation of the cathode fall with
positive space charge of ions and |V}| decreases. This electric field logically
causes that V} is more negative for z = 15 mm than for z =65mm. Fig.6.14 b
shows radial profiles of V}; in one particular time, t =100 us. Vj; is almost
homogenous at z=65mm but for z=15mm |V};| has a maximum at the

centre of the magnetron and gradually decreases for higher radial distance.



7. CONCLUSION

The work done in the frame of doctoral thesis was focused on development
of new technological plasma sources or their modifications, commissioning of
the sources and subsequent diagnostics of generated plasma. Ground survey
of intended plasma applications was brought at the beginning, see Introduc-
tion in chap.1l. Two plasma sources, surfatron and dc planar magnetron,
were in the main interest of investigation; basic phenomena of both are de-
scribed in Sources of technological plasmas in chap.3. Produced plasmas
were treated by comprehensive diagnostics with the view of future techno-
logical applications. All main tasks of the thesis were successfully realized

and are summarized below.

1) Plasma source working at 2.45 GHz frequency for technological

applications

a) Plasma source working at microwave range of frequencies based on surfa-
tron was constructed (chap. 5.1). The plasma source works in wide spectra
of experimental conditions. Shape of exiting plasma column is mainly influ-
enced by gas mixture composition, incoming power and pressure in chamber.
So-called plasma ”plume shape” was observed at lower pressures and the
fog-like form was observed at higher pressures, as depicted in Fig.5.2. The
stable working conditions were mainly determined by pressure in the vessel
and supplied microwave power. The range of stable working conditions is dis-
played as an area between two limit lines in so-called "p-P map” in Fig. 5.6.
The thermal sensitive samples can be prevented from overheating using pulse

mode of operation or fog-like form of discharge; described in [7B].

b) Surfatron plasmas generated under stable experimental conditions (in the

proper area in ”"p-P maps”) were investigated by double probe technique
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in wide range of pressures and power. Electron temperature 7T, determined
from double probe data was more or less constant inside the area of "p-
P map”: pure Ar - (T.)~2.45 eV, Ar/Ny - (T,)~2.25 ¢V and Ar/O, -
(T,) ~3.05eV. The radial profile of electron temperature near the outlet of
the tube proved strong maxima at the plasma ”plume” edges. This profile
probably corresponds to azimuthally symmetric m =0 mode of TM surface

wave generated in the surfatron. For more detail see [1A].

Single probe measurements done in plasma ”plume” created under low pres-
sure gave main survey about plasma parameters. Electron density reached

3 mean electron energy F,, ~2.5eV and

values of the order m,~10" m~
plasma potential reached positive values roughly V,,; =5 V. The radial profiles
are influenced by shape of plasma plume, too. The values were somewhat
increased using pulsed mode at the end of active part of modulation cycle.
Observed increase (decrease) during the active part (pause) was more or less

linear. More details can be found in [6B].

All types of investigated discharges Ar, Ar/Ny, Ar/Oy and air-like mixtures
were diagnosed by means of optical emission spectroscopy. Rotational 7; and
vibrational T, temperatures were determined as well as axial development of
molecular systems. Comparison of temperatures T, and 7T,, which usually
correspond to each other, revealed that surfatron produced plasma is not
in thermodynamic equilibrium. The axial dependences of both T, and T,
were almost linear in plasma column burning inside and also outside of the
tube. Results about elementary processes involving the intensity of consid-
ered species were found in Ar/Ny, Ar/O, discharges. Rather high T}, which
approximates temperature of neutral particles, in Ar/Oq discharge predeter-
mined unsuitability of ”plasma plume” for applications on thermal sensitive
samples. Hence, oxygen-based plasma in fog-like form is better for these
purposes. More details and other results can be found in previous published
papers [8A, 11B-14B].

c) Surfatron-generated plasma was used for material surface treatment, ster-
ilisation and processing of seeds before sowing. The microwave discharge

generated in Ar/O, and Ar/N, mixtures was used for this purposes. The
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surface of LDPE was treated by plasma with the idea to increase its free sur-
face energy (increase hydrophilicity). The critical surface energy of the low
density polyethylene was experimentally estimated using the co-called Zis-
man plot: 7©=48.75mJ.m~2. The total surface energy calculated according
to the Lifshitz-van der Waals/acid-base theory was determined experimen-
tally (W-G-D liquid combination), vT°T =52mJ.m~2. We concluded that
the surface of LDPE material became hydrophilic after plasma treatment.
This characteristic was also confirmed by measurements of contact angles
between plastic material and sessile water drop. The Ar/N, discharge seems
to be more efficient for this type of LDPE surface modification. The results
were also published in [3B,4B]|.

The bactericidal effect of plasma generated by surfatron in the Ar/Oy and
Ar/Ny mixtures was assessed. The defined bacteria cultures were exposed
to the generated plasma and the areas of inhibition zones were measured.
Preliminarily, it can be concluded that the bactericidal agent generated by
the surfatron-plasma is more effective for the gram-negative bacteria. For
the gram-positive bacteria the sterilisation efficiency is lower or the process

is ineffective at all; see [3A].

The bactericidal effect of Ar/O, discharge probably plays significant role
also in stimulation process of seed germination. The germination increased
after plasma treatment by more than three times from 15% up to 50 %.
The percentage of successfully germinated seeds was calculated by standard
statistical methods from large amount of seeds. The effect influencing seed
germination after plasma treatment might be the erosion of the seed protec-

tive coat by the plasma treatment. More details in [3B, 4B].
2) Planar magnetron plasma source for deposition of thin films

a) Conventional de planar magnetron was investigated in continuous regime
at first. The substrate region during sputtering of Ti was investigated in Ar,
Ar/Ng, Ar/O, discharges. Langmuir probe measurements and plasma pro-
cess measurements were carried out. Influence of balanced and unbalanced
mode, discharge power, pressure, Ny or O, flow and the sputtered Ti were

studied. The electron density in pure Ar discharge reached n.~ 10 m=3
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and increases linearly with power. Presence of Ny in discharge increases
ne roughly about one order of magnitude. Mean electron energy F,, has
a maximum around P~ 70 W. Decrease of energy at higher power is proba-
bly caused by ionisation of sputtered Ti particles. Plasma monitoring showed
strong increase of the amount of Ti™ ions at powers higher than 70 W. Plasma
potential V,,; expressed similar qualitative behavior like Fy, with positive val-
ues about 5V. More detail in [6A, TA, 15B].

The Ar/O, mixture was also investigated by Langmuir probe method. Pres-
ence of Oy agents decreased n, and increased 7,. Plasma monitoring con-
firmed presence of negative atomic oxygen ions O~. Density of negative
ions was calculated by developed method based on comparison of Langmuir
probe data taken in pure Ar discharge and in Ar/O, discharge. Electron
temperature 7, and plasma potential V},; have local maxima around 70 W.
Electron density n. and negative ion density n, are related to each other.
The measured negative ion density (n,~10¥m=3) is roughly about one or-
der of magnitude smaller than electron density (n,~10"”m™3). Negative
ion density strongly depends on radial distance from the target (cathode)
axis. Presented results suggest that negative ions originate at the distance
around z =65 mm from the target by dissociative electron attachment where
T, reaches its maximum and n, minimum. Other results related to this point

were presented in [8B-10B].

b, c) The current cw magnetron was converted to the pulse operating sys-
tem. The plasma was excited by pulse-modulated dc voltage. This system
was capable to excite dc pulse magnetron discharge with average current
1 A but with instant current up to 25A in a pulse. The main aim of this
part was to study spatial and temporal distribution of the plasma parame-
ters under pulsed regime with modulation frequency 250 Hz and active pulse
length 150 ps. Time-resolved Langmuir probe technique was used for the de-
termination of basic plasma parameters. The main results are summarized

below.

Electron density reached maximum n.~ 10"¥ m~2 in the distance z =15mm

from the target and n,~3 x 10" m~3 at a distance z =65 mm (suitable plane
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for deposition with homogeneous profile of electron density). Hence, opera-
tion of magnetron in pulse regime increased electron density by at least two
orders of magnitude. Presence of Oy decreased n, probably due to the cre-
ation of negative oxygen ions. Electron density reached its maximum value
after 50-100 pus from the beginning of the active part of modulation cycle.
This justifies lower repetition frequency of pulses. The length of the active
part of the modulation cycle should be at least 100 us if the highest electron

concentration in the discharge is required.

Electron temperature steeply decreased during the active part of the pulse.
This effect is probably caused by ionisation and excitation of sputtered Ti
atoms and energy losses during ionisation processes. EEPF was calculated
from the measured data and the distribution similar to the Maxwellian one
was found. Presence of O, increased electron temperature. Absolute value
of the plasma potential |V},)| decreased during the active part of modulation
cycle from negative values at the beginning up to positive values in off time
of the modulation cycle. For more detail see [2A,4A, 1B].
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