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The Plasma/lon Beam Technology Division is one of several laboratories forming the Material Physics
Department at the NCBJ in Swierk, Poland. Scientific activity of the Division concerns different aspects of research
related to material engineering, surface engineering, functional properties characterization, as well as synthesis and
modification of different materials.Plasma surface engineering methods like cathodic arc UHV deposition and
pulsed magnetron sputtering methods as well as ion beam implantation methods are intensively exploited and

developed in our laboratory.
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INTRODUCTION

The main tools used by our research groups in The
Plasma/lon Beam Technology Division are plasma and
plasma-related techniques. The plasma surface
engineering, as an important scientific field investigated
at the laboratory, allows improve, modify and develop
modern and unique methods of the material synthesis.
The investigations include also research on plasma
diagnostics, which is important and indispensable part
of studies performed by our teams. Basic features of
plasma-surface interactions, as well as the
characteristics of the plasma generation in various
experimental and technological facilities, are studied
extensively [e.g. 1-6]. Other very important tools used
in our research are ion- and electron-beams produced by
various implantation devices. These corpuscular beams
are considered as a promising technique for
modifications of a material structure, and synthesis of
non-equilibrium structures [e.g. 7-11].

Innovative work is being carried out related to the
development of surface engineering, including the
synthesis of layers of different materials e.g. metallic,
oxide and nitride layers, multi-component and
composite layers [12-14]. Plasma surface engineering
methods are used like cathodic arc UHV deposition and
pulsed magnetron sputtering methods as well as
ion/electron implantation methods. In case of our
methods we still need some improvements and changes
or adaptations which are carried out simultaneously
with conducted study. Synthesis processes of the
materials in case of our research, means the synthesis
from the moment when plasma is generated; and from
the process of nucleation itself, through transport,
growth of layers, structure and properties of the
obtained final structure of materials, at the end. It is
very important to try to get to know the behavior of the
environment, that exists in the conditions that we can
create therefore. It worth to notice that plasma
diagnostics techniques are very helpful in our
development. Everything is very important when it
comes to the development of this scientific domain that
is plasma and ion beam technology for material
engineering.
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1. PLASMA TECHNOLOGY
1.1. PLASMA IN PULSE PROCESS

The studies implemented in the area of plasma
technology are focused on the synthesis of non-
equilibrium  structures in chosen materials and
determination of their influence on the material
properties, as well as on the synthesis of completely
new materials. Studies perform by this groups are also
focused on the development of plasma surface
engineering techniques.

The main potential is no-equilibrium plasma and the
use of pulsed plasma glow discharge in a magnetron
system (pulsed glow discharge assisted by magnetic
field) [e.g. 4, 5, 13, 14, 19, 21]. Magnetron sputtering is
well known and the most commonly used method for
synthesis of material in the form of layer [e.g. 15-17]. In
our studies we focus on the use of conditions that
increase the degree of thermodynamic non-equilibrium
of plasma and at the same time can exploit of other
forms of energy in the synthetic process, by use of
pulsed changeable condition of generation [18-21].

The one of example is the PMS process (pulse
magnetron sputtering) [e.g. 19, 21]. This technique
provides the ability to initiate a discharge in a pulsed
manner by the task of electric impulses of medium order
of 100 kHz; using a voltage exceeding the voltage
corresponding to the characteristics of glow discharge
(Paschen curve [22]), thus providing a non-equilibrium
conditions during the synthesis of the material. A
second variant provides for the use of a new method of
plasma generation causing the intensification of this
nonequilibrity (that provides PMS), by using pulsed
changeable concentration of working gas particles
(pulsed gas injection). It is a solution that has been
recently introduced to the knowledge, is involve the use
of a pulsed changeable concentration of the working gas
particles during the synthesis process. In standard
operating conditions during the process, plasma
working gas is delivered continuously and its pressure is
of the order of 10°...10" Pa. The continuous way of the
gas supply (constant concentration of gas particles
during the synthesis process) was replaced by the pulsed
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gas injection that works as a gate for the electric circuit.
Pulsed changeable concentration of gas during the
synthesis process, allows to work in conditions of
reduced gas pressure (~10™Pa) which changes the
intensity of the elementary phenomena characteristic for
synthesis. Therefore recently proposed, in the case of
magnetron sputtering method, the glow discharge by the
pulsed gas injection, resulted in a new type of pulsed
process GIMS ("Gas Injection Magnetron Sputtering™)
[23-25]. This method from the point of application are
characterized by big improvements of adhesion of the
layers, obtained on a cold, not heated substrate. In our
laboratory we use two kinds of magnetron sputtering
technique that are characterized by above mentioned
pulse process. It is pulsed magnetron sputtering (PMS)
and gas injection magnetron sputtering method (GIMS).
Examples of some conducted research in the domain of
the synthesis and characterization of various layers
deposited upon chosen materials will be discussed
below.

1.2. IMPACT OF PULSE PLASMA ON
MORPHOLOGY AND PHASE COMPOSITION

It is known that typical structure obtained by
magnetron sputtering method is characterised by
columnar structure [26]. The morphology of structure
depends on temperature of the substrate material,
pressure and energy. Therefore, it can be modified As
reported by the results of our previous research, we are
able to succeed in eliminating the columnar structure of
layers of various materials. Example are shown in Fig. 1
and Fig. 2. Figures show a cross section views of
aluminium nitride and copper nitride layers obtained
during different magnetron sputtering synthesis
processes. As one can see we can synthetize structure
without columns by using a different frequency of
modulation (PMS) as well as in case of pulse gas
injection (GIMS) [14].

Fig. 1. Cross section view of different structure of the
AIN layers obtained by magnetron sputtering technique

In case of the structure of copper nitride layers in
most of cases the structures are columnar one. But some
process parameters are favourable to finer columnar
structure, and also structure without columns. Finally,
the received finer structure of the Cu-N layers improved
the nanohardness properties [27].

The GIMS synthesis allows the ability to control the
phase composition in a final structure of layers. For
example, in titanium oxide layers, depending on the
pulsed process parameters we can obtain anatase or/and
rutile structure [25, 27]. Therefore, taking into account
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the properties of these two phases and possibility of
technology we can control the nanohardness properties
of the layers [25]. We can also control the decoration
effects [25, 28] as is shown on Fig. 3.

10 Hz

250 Hz
Cu-N

1000 Hz

Fig. 2. Cross section view of different morphology of the
Cu-N layers obtained by magnetron sputtering with
different frequency of modulation

N

Fig. 3. Photography of coloured Ti/Ti-O layers
deposited on polymer substrates by used a PMS and
GIMS method

In case of PMS synthesis influence of different
frequency modulation on phase compositions of copper
nitride layers were observed. CusN is a metastable
phase, very difficult to synthesis because of the low
temperature decomposition. there is very difficult to
obtain a one phase structure of layers. The using a
various frequency modulation with combination of other
process parameters, allowed us for the control of phase
composition. But in this case of investigation plasma
diagnostics, optical emission spectroscopy, was very
helpful [14]. These studies allowed to propose
dependence between the process parameters and phase
structure. They allowed the estimation of the range of
process parameters favouring the synthesis of single-
phase copper nitride, and two-phase material with
additions of pure copper [14].

1.3. OPTIMIZATION OF CATHODIC ARC
DEPOSITION FOR GROWING SMOOTH
SUPERCONDUCTING PB PHOTOEMISSIVE
LAYERS

The cathodic arc deposition is a well-known method.
It is one of the first method of plasma technology used
in our institute. The method has been developed and
improved for years. Currently, the main goal of research
conducted with the use of this method are investigation
concerning optimization of synthesis process for
growing smooth superconducting photoemissive layers.
As one know the technological problem in the arc
method is the production of microdroplets and their
gathering on the surface of the layers. That phenomenon
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prevents achieving a flat, low roughness surface. There
are two generic approaches to microdroplet elimination:
removal from the plasma flux on its way from the
cathode to the substrate with various filtering methods,
or by using a postdeposition processes leading to the
droplets melting, dissolution and surface flattening. To
achieve a sufficiently low roughness, several methods
based on these approaches have been tested.

Over the years we’ve used different configuration of
various cathodic arc filtering systems for elimination of
micro-droplets [29, 30]. Finally, we are able to obtain a
good smooth lead layers. The first experiments included
the micro-droplets removal from a lead plasma stream
was attempted by separating the cathode and substrate
with a plane slit or a chicane [31, 32]. Both filters
blocked the plasma streams straight towards the
substrate and enabled a sharply bent path through
apertures. Unfortunately, the deposition rate was to low
[32] and a long deposition time caused a large amount
of Pb to stick to the filters and to the arc chamber wall.
Additionally, the use of such a system excluded
application of constant voltage bias between the arc
chamber and the substrate. This resulted in a very low
energy of ions, and finally leads to insufficient film
adhesion. The next approach was based on magnetic
filtering. That method had been previously used
successfully for arc deposition of niobium layers on to
copper walls of accelerating cavities [23, 24, 33, 34].
For Pb/Nb layers, a bent knee-like magnetic filter has
been developed and inserted between the arc cathode
and a substrate.The target was biased relative to the
grounded wall to accelerate ions to improve the
adhesion. It was concluded from the experiments with
mechanical and magnetic filters that tight filtering is
required to eliminate droplets during the deposition. On
the other hand, the film clean lines requires a high
deposition rate, which in turn demands loosening of the
filtering and in evitable entails micro-droplet deposition
and unacceptable surface roughness. This contradiction
excluded the use of a filtering-based approach to smooth
surface preparation and pointed to using a simple planar
UHV arc geometry without any flux damping, but
supplemented by a postdeposition treatment. The
applicability of two approaches was compared in terms
of the achieved surface flatness: filtered arc deposition
and direct arc deposition followed by a surface
treatment [35]. Currently our investigations resulted in
an optimal, repeatable procedure for Pb/Nb film
photocathode preparation that consists of direct cathodic
arc deposition of layers, followed by the pulsed plasma
melting [35]. The sample surface roughness reached in
this way is 1um in amplitude. The recent achievements
and progress in smoothness of the Pb coatings were
realize with a new setup. The position of the substrate
montage was changed. Now the substrate is mounted
perpendicular to the axis of arc. Obtained results show a
considerable improvement of the roughness and
significant reduction of micro-droplets (Fig. 4). We
obtained a very smooth layers with the roughness of
about 10 nm. The obtained results is a great success of
our laboratory. The properties of the layers are currently
being studied.

ISSN 1562-6016. BAHT. 2019. Nel(119)

Fig. 4. Topography of Pb layers obtained by cathodic
arc deposition. (A) directly after deposition process with
using a simple planar UHV arc geometry, (B) direct
arc deposition followed by a surface treatment post-
process, (C) directly after deposition process with
different configuration of substrate montage

2. ION BEAM TECHNOLOGY

lon implantation is a low-temperature process by
which ions of one element are accelerated into a solid
target, thereby changing the physical, chemical, or
electrical properties of the implanted material. This
technology is considered as promising modification
method of different materials especially in case of
semiconductor materials and is studied by many
research groups.

In our laboratory runs research on material
modifications, which covers issues related with the
modification of different material surfaces by means of
ion beams [7-9].

The most interesting investigations concerning the
ion beam technology include the study of the ion
implantation doping of semiconducting the zirconium
oxide layers. ZnO is probably the most extensively
studied semiconductor over the last decade. Primarily,
due to the fact that it is a promising material for
optoelectronic and microelectronic applications [36].
With this respect ZnO is expected to be a cheaper
replacement for GaN. The depth distribution of dopant
and their concentration is precisely controlled in ion
implantation technique, but the ballistic nature of this
process produces lattice damage.

Moreover, in the as-implanted stage most of dopants
are optically inactive. Therefore, annealing leading to
the lattice recovery and optical activation of dopants is
necessary.

The ZnO layers are implanted by rare Earth elements
and this modification finally causes a very good optical
properties of the material. Currently, very promising
research in this field is carried out concerning
optimization of technology, optimization of heating
post-processes and investigation of influences of
implantation on the structure [7-9].

The other example can be study concerning to the
ion irradiation as an interesting method of modification
of elastomers [11]. In this case we use a gaseous ion
implantation for Improvement of functional properties.
Fig. 5 shows a cross section view of morphology before
and after irritation. As results a 4 — 6 folds reduction of
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friction forces and 9-folds improvements of
nanohardness of elastomers were obtained. Finally, the
improves of the functional properties of the material
were achieve.

BEFORE IRRADIATION

Fig. 5. A cross section view of morphology of elastomer
before and after irritation process. Irradiated 160 keV
HE", 3E16C°
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PA3BUTHE ILTASMEHHBIX 1 MOHHO-ITYYKOBBIX TEXHOJIOT W1 JUISI MATEPUAJIOBEIEHUS
B HIISIN

K. Nowakowska-Langier

Otaenenue miIa3MEHHBIX M MOHHO-TIYYKOBBIX TEXHOJIOTHH — OJjHa U3 JlabopaTopuii oTaena GU3NKH MaTepHaoB
HIISAU B Ceepke, [lonbma. HayuHast AeITeTbHOCTD OTACTIEHUS CBSA3aHA ¢ PA3TMYHBIMU aCTIeKTaMH HCCIIE0BAHUN B
o0J1acTi MaTepHaNIOBEICHUSI, TEXHOJIOTUH MTOBEPXHOCTH, ONPEACICHHS XapaKTepPUCTHK (YHKIMOHAIBHBIX CBOWCTB,
a TaKKe CHHTe3a W MoJAM(UKaIMK pPa3IMYHBIX MarepuaioB. B naboparopun akTHBHO MCHONB3YIOTCS U
pa3pabaThIBalOTCS METOABI TIa3MEHHOI 00pabOTKH TOBEPXHOCTH, TAKHE KaK 3JIEKTPOHHO-AYTOBOE OCaXK/ICHHE IPU
cBepxBeicokoM Bakyyme (UHV deposition), METO1bI MMITYJIbCHOIO MarHeTPOHHOTO PACIIBIIICHUS, a TAK)Ke METOJbI
VMOHHOM MMIUTaHTaIIH.

PO3BUTOK IIVIA3MOBHUX TA IOHHO-ITYYKOBUX TEXHOJIOT'TH /151 MATEPIAJIO3HABCTBA
Y HUSA A
K. Nowakowska-Langier

BignineHHs miua3MoBHX Ta iOHHO-IyYKOBHX TEXHOJIOTIH — onHa 3 jabopartopiid Binminy (isukn Matepiaiis
HIAA y Ceepui, [Tomsma. HaykoBa MisuTbHICT BiJAIJICHHS TOB’s13aHa 3 PI3HUMH aCIeKTaMH JOCITIHKEHb y ramysi
MaTepiallo3HaBCTBA, TEXHOJIOTI] MOBEPXHi, BU3HAUCHHS XapakTePUCTUK (YHKIIOHAJIHHUX BIACTHBOCTEH, a TaKOX
cuHTe3y i Moaudikamii pisHUX MarepianiB. Y mabopaTopii aKTHBHO BUKOPHCTOBYIOTHCS Ta PO3POOIISIOTECS METOIU
1a3MoBOi 06pOOKK MOBEPXHi, TaKi K KaTOAHO-IYroBe 0CAKEHHS 3a HaxBrcokoro Bakyymy (UHV deposition), Ta
METOJY IMITYJIbCHOTO MarHeTpOHHOTO PO3IMIICHHS, a TAK0)K METO/IM 10HHOI IMITaHTaI].
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