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připravených z různých materiálů. Velikost tvar a chemické složení částic bylo 
charakterizováno při různých depozičních podmínkách. Byl zkoumán transport částic 
z kovu a plazmového polymeru uvnitř částicového zdroje a mezi výstupní štěrbinou a 
substrátem. Částice byly využity při přípravě kompozitních vrstev, především při 
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drsnosti na růst buněk. Byla studována příprava sloupcových vrstev pomocí depozice 
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Objectives of the Doctoral Thesis 

This thesis is devoted to the deposition of nanostructured and nanocomposite 

thin films. Structuring is achieved by use of clusters, particles and rods of either 

metal or plasma polymer. The scope is focused on preparation and characterisation of 

the clusters and particles themselves as well as the films with such incorporated 

particles. One of the goals was also investigation of the possibility of using particles 

as seeds for growth of porous columnar films. The aims of the thesis can be 

summarized as follows: 

1. Preparation of metal (Ag, Cu, Al) nanoparticles using gas aggregation source 

(GAS) of Haberland type (DC magnetron) 

2. Preparation of hydrocarbon plasma polymer (C:H) particles using GAS with 

RF magnetron equipped with graphite target and a working gas mixture of Ar 

and hexane. 

3. Using the C:H plasma polymer particles in composite films and preparation 

of surfaces with controlled roughness. 

4. Deposition of sputtered nylon plasma polymer nanoparticles using GAS with 

semi-hollow RF magnetron equipped with nylon target and Ar working gas. 

5. Glancing Angle Deposition using particles as seeds for columnar growth and 

characterization of such films. 

 

  



vii 
 

Contents 

Acknowledgements ...................................................................................................... ii 

Objectives of the Doctoral Thesis ............................................................................... vi 

Contents ..................................................................................................................... vii 

1 Introduction ................................................................................... 1 

1.1 Magnetron sputtering .................................................................... 1 

1.2 Plasma Polymerization Processes and Plasma Polymers .............. 5 

1.3 Composite thin films ..................................................................... 9 

1.4 Formation of particles ................................................................. 12 

1.5 Glancing Angle Deposition ......................................................... 15 

1.5.1 Early stages of growth of thin films ........................................... 15 

1.5.2 Effect of substrate tilting ............................................................ 15 

2 Experimental ............................................................................... 20 

2.1 Vacuum deposition systems ........................................................ 20 

2.1.1 Magnetrons ................................................................................. 20 

a) Balanced planar magnetron 2 inch ............................................ 20 

b) Balanced planar magnetron 81 mm .......................................... 21 

c) Planar magnetron 81 mm for low pressure depositions ............ 21 

d) Semi-cylindrical magnetron for production of sputtered nylon 

particles ..................................................................................... 22 

2.1.2 Gas aggregation particle sources ................................................ 23 

a) Source 1 based on 51 mm planar magnetron ............................ 24 

b) Source 2 based on 81 mm planar magnetron ............................ 24 

c) Source 3 based on semi-hollow magnetron .............................. 25 

2.1.3 Vacuum deposition chambers ..................................................... 26 

2.2 Characterization of deposition process and deposited thin films 27 

2.2.1 Quartz Crystal Microbalance (QCM) ......................................... 27 



viii 
 

2.2.2 Optical emission spectroscopy (OES) ........................................ 28 

2.2.3 Transmission Electron Microscopy (TEM) ................................ 28 

2.2.4 Scanning Electron Microscopy (SEM) ....................................... 29 

2.2.5 Atomic Force Microscopy (AFM) .............................................. 31 

2.2.6 Analysis of particle size distribution .......................................... 34 

2.2.7 2D Triboscope ............................................................................ 34 

2.2.8 X-Ray and electron diffraction ................................................... 34 

2.2.9 Spectroscopic Ellipsometry (SE) ................................................ 35 

2.2.10 X-ray Photoelectron Spectroscopy (XPS) .................................. 36 

2.2.11 Fourier Transform Infra-Red Spectroscopy (FTIR) ................... 37 

2.2.12 Measurement of wettability ........................................................ 38 

2.2.13 Biotests ....................................................................................... 40 

3 Results and Discussion ................................................................ 41 

3.1 Deposition of metal nanoparticles ............................................... 41 

3.1.1 Silver particles ............................................................................ 41 

3.1.2 Aluminium particles ................................................................... 43 

3.1.3 Copper particles .......................................................................... 44 

3.2 Deposition of C:H plasma polymer particles .............................. 46 

3.3 Composite films: particles embedded in or covered with a matrix

 ..................................................................................................... 53 

3.3.1 C:H particles with titanium overlayer ........................................ 53 

3.3.2 Titanium surfaces for study of the influence of roughness on 

adhesion of osteoblast cells ....................................................... 68 

3.3.3 PTFE plasma polymer surfaces with underlying C:H particles . 71 

3.3.4 C:H plasma polymer surfaces with underlying C:H particles .... 74 

3.4 Sputtered nylon plasma polymer particles .................................. 77 

3.4.1 Temporal stability of the source ................................................. 77 

3.4.2 Deposition rate ............................................................................ 82 



ix 
 

3.4.3 Size and shape of the particles .................................................... 84 

3.4.4 Chemical composition ................................................................ 88 

3.4.5 Sputtered-nylon plasma polymer particles covered with sputtered 

nylon film .................................................................................. 90 

3.5 Transport and aerodynamic focusing of plasma polymer particles

 ..................................................................................................... 93 

3.6 Glancing angle deposition ......................................................... 102 

3.6.1 Glancing angle deposition on smooth silicone substrates ........ 102 

3.6.2 Glancing angle deposition on a substrate covered with particles107 

4 Conclusions ............................................................................... 111 

Bibliography ............................................................................................................. 113 

List of tables ............................................................................................................. 124 

List of abreviations ................................................................................................... 125 

Author’s contribution ............................................................................................... 126 

List of Publications .................................................................................................. 127 

 

 

 



1 
 

1 Introduction 

1.1 Magnetron sputtering 

The sputtering process was probably first observed in 1852 by Grove [1] in a 

simple setup of two electrodes (plate and needle) enclosed in a vacuum chamber 

pumped down to approximately 2000 Pa and powered by galvanic cells. He studied 

the effects of an electric discharge on the surface of electrodes in different gasses at 

low pressure. Even though he was not first to conduct similar experiments, he was 

probably the first to describe changes to the electrodes. From 1877, sputtering has 

been used for coating of mirrors [2].  In 1900 the process of sputtering was 

implemented by Edison for coating of phonograph records [3].  

For many decades, sputtering was in shadow of vacuum thermal evaporation 

which was invented shortly after sputtering. For a long period of time the films 

produced by thermal evaporation were purer because they could be deposited in 

better vacuum and at higher rates. This started to change with the invention of planar 

magnetron in 1974 [4,5]. Invention of this type of magnetron now referred to as the 

balanced magnetron started the process which led to wide adoption of sputtering 

process by industry and development of many derived coating techniques.  

Sputtering in general is a process occurring in a system with decreased 

pressure (relative to atmospheric pressure) where the conditions between two 

electrodes allow ignition of a glow discharge. The ignition of glow discharge 

requires presence of gas at pressure ranging from few hundredths to several 

thousands of pascals and voltage between the electrodes ranging from few hundred 

to several thousands of volts. In direct current (DC) mode the electrons that are 

emitted from the cathode and accelerated over the cathode dark space undergo 

collisions with neutral gas. Some of the collisions result in ionization of the gas 

atoms. Positive ions are accelerated toward the cathode and emit the electrons needed 

for sustaining the discharge and at the same time they may knock off atoms or 

molecules on impact from the cathode surface. The ejected atoms or molecules move 

to adjacent surfaces where they are deposited. Because of that the cathode must be 

conducting and in practical systems it is usually on negative potential while the 
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anode is grounded. The anode in this setup is then any grounded conductive surface 

available in the deposition system.  

DC diode sputtering in the past required very high discharge voltages (several 

thousand volts) and provided low deposition rates. This was improved by the 

introduction of the planar magnetron cathode that will be described below. DC mode 

may, however, only be used to sputter conductive materials even though in some 

modifications it can be used to deposit non-conductive films – this is referred to as 

reactive sputtering. 

Radiofrequency (RF) sputtering is somewhat more complicated and usually 

provides lower deposition rates than DC magnetron, but can be used for sputtering 

both conductive and non-conductive materials. A radiofrequency signal is applied on 

the excitation electrode which is supposed to serve as a cathode. The frequency may 

be in range 100 kHz to 30 MHz [6,7], but most common is 13.56 MHz, which is 

bandwidth, reserved for industrial purposes by telecommunication office. The ions 

and free electrons are in this case created in the volume of the discharge that 

therefore does not depend on the adjacent surfaces. The ions are too heavy to 

efficiently react to the electric field changing with high frequency. Only the light 

electrons can respond to the RF field. If one of the electrodes is connected to a match 

box and RF generator through a capacitor and the other is grounded a DC negative 

self bias is formed on the surface of the capacitor isolated electrode as a result of 

electron current. This attracts positive ions which bombard and sputter the electrode 

and a balance between electron current and ion current is established. The point is 

that the negative charge is forming always on the surface of the electrode which can 

as a result be made from a non-conductive material such as polymer or ceramics (in 

such case the blocking capacitor in not necessary).   

The sputtering as described above works even without magnetron (magnetic 

field applied to the discharge area described in the following text), but the deposition 

rates are slow and there are number of other limitations preventing effective use.  

In magnetron sputtering a magnetic circuit is placed under the cathode surface 

e.g. in a way depicted in Fig. 1. The magnetic field creates a tunnel above the target 

confining the electrons inside. This allows the electrons to stay longer in the 

discharge area and to ionize greater number of neutral molecules before they are lost 
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on anode. It provides denser plasma (higher concentration of ions) and as a result 

faster sputtering and ability to sustain the glow discharge at lower pressure. 

 
Fig. 1: Scheme of a planar magnetron construction.  

 

The electrons in the electric and magnetic fields above the magnetron surface 

move along cycloid trajectories as shown in Fig. 2. When the gradient of the 

magnetic field is increasing along the cycloid axis in the direction of the movement, 

the charged particle (electron) may be reflected. As a result the areas close to the 

target plane in the outer regions of magnetic field tunnel form a magnetic mirror for 

the electrons. 

The glow discharge plasma contains relatively low concentration of charged 

species. In the low pressure discharges without magnetic field the level of ionisation 

is quite low: typically only 1 molecule in 106 carries a charge [7]. With magnetrons 

the ionisation may reach values of about 1 ion per 1000 neutrals [8]. In some special 

cases like High-power impulse magnetron sputtering (HiPIMS) even more than 10% 

of the molecules may carry charge [9]. 

In case of magnetrons, the densest plasma (most charged species per volume 

unit) is in the area of the magnetic tunnel. In this area the sputtering of the target is 

most intense resulting into formation of erosion track. Also as a consequence of the 
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magnetic confinement of the electrons the current and voltage obey a relationship in 

a form 

 I ~ Vn (1) 

where I is the current, V denotes the voltage and n is an exponent describing 

efficiency of the electron trap (the higher the n the better confinement efficiency). 

Because of this relationship the magnetron voltage necessary for certain current may 

be lower than in the case without magnetic field and also the increase in the current 

requires much smaller increase in applied voltage. 

 

 

Fig. 2: The motion of electron in combination of magnetic and electric field above the surface of 
magnetron, taken from [10] 

 

There are number of different configurations of magnetrons geometry: planar 

magnetrons, cylindrical, semi-cylindrical, and so on. Magnetrons are also easy to 

scale up for industry as the length of the magnetic tunnel can be greatly extended 

with very little difficulties. This makes the magnetrons very versatile tool for both 

the research and the industry.  
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1.2 Plasma Polymerization Processes and Plasma Polymers 

Plasma polymerisation includes a group of processes used for preparation of 

materials (plasma polymers) that exhibit certain similarities to conventional polymers 

produced by “wet chemistry”. Plasma polymerisation occurs when organic molecules 

are introduced into plasma discharge. The organic molecules are activated by 

interaction with active species in the plasma (electrons and ions) producing organic 

radicals and ions. These activated molecules or mostly rather their fragments can 

proceed with polymerisation which is in general a combination of ion and radical 

polymerisation. 

One of the first reports concerning plasma polymers is from the second half 

of 19th century [11]. At first, plasma polymer films were seen only as undesirable by-

products. It took several decades till these films were deliberately prepared and 

studied [12]. Since then the field of plasma polymers has been growing rapidly with 

increasing number of publications and new applications, for review see e.g. [7,13]. 

To date there are a lot of ways to prepare plasma polymer films and plasma 

polymer particles by either low pressure or atmospheric pressure methods. To list 

just a few of them: plasma polymerization from gas phase precursor, RF sputtering 

of polymer target, plasma assisted thermal decomposition of polymer, depositions 

using dielectric barrier discharge or plasma jets.  

Molecular structure of the materials prepared by different methods and with 

different conditions is varying, but plasma polymers in general exhibit some 

significant differences from the conventional polymers. Plasma polymers are usually 

highly cross-linked, regular repetition of monomer units is only local and the whole 

structure is to a high degree random. On the other hand it is possible to use number 

of chemical precursors, which could not be used in conventional polymerization. 

Conventional polymerization is mostly restricted to precursors containing certain 

chemical groups such as double bonds, triple bonds, cycles and so on. It is, however, 

capable of producing highly organized molecules. In plasma the monomer molecules 

are attacked by the electrons, ions and radicals at random places resulting into 

random polymeric net. In certain cases plasma can be used to activate double bond in 

a monomer and induce polymerization in a way similar to chemical methods. This 

was proposed e.g. in [14] as a way to improve retention of plasma polymer prepared 
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from Di-ethylene glycol vinyl ether (DEGVE) to conventional polyethylene-oxide 

(PEO). 

Over the last five decades there have been many attempts to describe the 

kinetics of plasma polymerization. Different mechanisms were suggested to describe 

polymerization of different monomers at different conditions i.e. [15–23]. The early 

models usually described only polymerization of one specific monomer. Most of the 

investigators agreed that similarly to conventional polymerization the plasma 

polymerization has three steps: initiation, propagation and termination. However, 

different mechanisms for each phase were suggested. Some models proposed 

initiation (creation of radicals and ions of the monomer) by impact of energetic ions 

on the monomer adsorbed on the cathode i.e. [15]. Other models and especially the 

more complex ones worked with initiation by electron impact or some combination 

of initiation by electrons and ions: i.e. [18,24]. Propagation phase according to most 

models proceed similarly to conventional polymerization, even though a network is 

being formed due to reinitiation. The polymerization rate calculations for several 

models can be found in [7]. The course of the termination phase is analogue to 

conventional polymerization. 

According to model of Lam et al. [24] the polymerization proceeds as 

follows: 

Initiation  M + e -> 2R1 + e 

Propagation  Rn + M -> Rn+1 

Termination  Rn + Rm -> Pn+m  or Pn + Pm 

where M denotes monomer unit, e stands for electron, R means a radical and 

P is neutral molecule or polymer. This or similar scheme is agreed upon by most 

models working with initiation by electrons.  

More complex description of the propagation and termination phase was 

developed by Yasuda and his co-workers [25], see Fig. 3. This model includes mono- 

and di-funtional radicals and also multiple reinitiation. 
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Fig. 3: Schematic representation of bi-cyclic step-growth mechanism of plasma polymerization by Yasuda 
et al [25]. 

 

Formation of polymer layer with attention to the gas phase (not only the film) 

was described by Poll et al. [21] and then further developed by Yasuda et al [25], see 

Fig. 4. It shows the process of formation of the monomer regardless of the specific 

reactions, but is includes formation of non-polymer forming species, their efluction, 

introduction of new monomer and in some cases etching away of the already formed 

polymer layer. 

 

Fig. 4: Scheme of the formation of plasma polymer film, reprinted from [25] 
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Another complex model, so called Activated Growth Model (AGM) was 

developed by D’Agostino et al. [13,26,27]. The model was developed mostly for 

fluorocarbons, but it is applicable also to other plasma polymers. It describes the 

polymerization process in the following steps: 

1. fragmentation of the monomer in the plasma 

2. low energy ion-activation of the coating or substrate 

3. adsorption of the radicals to the activated sites on the coating or 

substrate 

More details can be found especially in [13]. 
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1.3 Composite thin films 

Composite is a material composed of two or more phases, which has novel 

properties not present in either of the compound materials. Bulk composites have 

been known for a very long time. One of the first composites known to be 

intentionally produced by humans have been bricks mixed of clay and straw or wattle 

[28]. In antiquity (late Roman empire, probably 4th century AD) a nanocomposite 

was made in form of so called Lycurgus cup [29], which is made from glass with 

dispersed particles of gold and silver. Even though people were able to produce 

nanocomposites for a long time, it was only in 20th century when the imaging 

technology and theoretical knowledge has advanced enough to discover their 

structure and to understand its influence to the composite properties. 

Composite thin films of various materials have probably been prepared after 

the invention of vacuum deposition methods on multiple occasions, but the lack of 

characterisation techniques hampered the research. There have been several 

publications dealing with the inorganic multilayer systems e.g. [30,31], but the real 

interest in this field was not until seventieth of 20th century. 

The thin films with inclusions of metal in (plasma) polymer matrix, referred 

to as composite or nanocomposite films, have been first prepared and patented in 

seventieths of 20th century [32,33]. The method was based on simultaneous co-

evaporation of metal and polymer from two sources in a vacuum chamber resulting 

into mixing of the materials on the substrate and formation of irregular grains of one 

material in the other. Several different polymers and metals have been examined in 

the patent [33] and the composite material was found to exhibit negative temperature 

coefficient of electrical resistance. The electrical properties of the films were found 

to be strongly dependent on the relative proportions of each phase. 

The research of composite films continued in the following years with 

growing number of publications, for review see e.g. [13,34,35]. The production of 

the composite films was complemented by other deposition techniques, especially 

sputtering and other plasma techniques allowing deposition of wider range of the 

compounds [36–38] and with a number of new applications [39–41].  

Novel properties of the composite thin films include e.g. tuneable 

conductivity ranging from insulator to metallic conductivity and its evolution with 
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annealing [42,43] or anomalous optical absorption caused by plasmon resonance on 

metallic inclusions producing characteristic optical properties [44,45].  

Unfortunate property of composite films prepared by co-deposition of the 

starting materials in molecular form is their aging, i.e. changing of their properties 

over time as a result of migration of atoms or smaller inclusions and their 

coagulation, effectively increasing size of the inclusions. One possibility to 

overcome this effect is deliberate formation of clusters or particles of one material 

prior to its deposition on the substrate and therefore avoiding the presence of isolated 

atoms or molecules in the composite. The formation of the clusters and particles is 

the topic of the following chapter. 

There are number of structures the composite can assume. As mentioned 

above it may take form of irregular inclusions inside a matrix [39,46], preformed 

clusters or particles may be co-deposited with the matrix forming regular inclusions 

randomly positioned inside the matrix [47]. It is possible to deposit particles and film 

alternately to form particles covered by film [48], sandwich structure or multilayer 

structure. Composite can also be formed simply by depositing several films (smooth) 

over each other [49]. Another possibility may be a composite in form of fibres in a 

matrix [50,51]. The fibres or the particles themselves may also comprise of more 

than one phase [37,52]. Several examples of the composite films are presented in 

Fig. 5. 

Many of the above mentioned types of composites are most suitable for 

production of nanostructured surfaces with tuneable surface roughness. 
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a) 

 

b) 

 

c) 

 

d) 

 

 

Fig. 5: Several possible forms of composite films a) co-sputtered Ag/PTFE nanocomposite [39]; b) titanium 
particles covered with C:H plasma polymer [48]; c) helical SiO2 columns (fibres) filled with photoresist 
[50]; d) cobalt/carbon nanotube composite [51] 
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1.4 Formation of particles 

Nanoclusters and nanoparticles present a very interesting topic because of 

their potential in the field of nanocomposites and nanostructured surfaces. The 

particles may be formed either by top-down method (milling of bulk material into 

small particles) or by bottom-up methods based on building the particles from 

individual atoms or molecules. This work will aim on the bottom-up methods only. 

The terms cluster and particle are not defined exactly, but it is usual to restrict the 

term cluster for metal or metal oxide particles of very small dimensions composed of 

up to thousands of atoms. 

The separate production of the metal nanoclusters by vacuum methods was 

first achieved in 1980 by Sattler et al. [53], who first constructed a device now 

known as a gas aggregation source (GAS). The schematic of the original construction 

is presented in Fig. 6.  

 

Fig. 6: Scheme of the original Sattler source, reprinted from [54]. 
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The source uses an isolated heated crucible, which releases the evaporated 

material through an aperture into the aggregation chamber with pressure of helium 

gas in range of tens to thousands of pascals. This chamber equipped with separate 

pumping opens through another aperture into next chamber pumped to higher 

vacuum and then through the last aperture into a high vacuum deposition chamber 

where the substrate is placed. The walls of the aggregation chamber were in this 

original design cooled with liquid nitrogen (LN). It was found out using a mass 

spectrometer placed in the deposition chamber behind the last aperture that at very 

low pressure in the aggregation chamber there is a weak current of single atoms or 

clusters of up to 4 atoms which were ejected from the evaporator. With increase of 

the pressure in the aggregation chamber this weak flux was getting weaker until it 

disappeared completely as a result of scattering of the metallic molecules on the 

molecules of the working gas. Upon further increase of the pressure the flux 

reappeared in greater intensity carrying clusters consisting of up to 500 atoms. 

After Sattler et al. source, many new designs of the cluster and particle 

sources have been developed. The overview of their types and advantages and 

disadvantages of each type are described e.g. in [54,55]. Among the new designs is 

important especially Haberland type particle source first reported by Haberland et al. 

[56,57]. In the [56] design the evaporator was replaced with planar magnetron 

allowing production of clusters and particles from materials with high evaporation 

temperature at high deposition rates. Moreover as a result of implementation of 

plasma discharge, high portion of particles was charged both negatively and 

positively allowing electrostatic manipulation (mass filtration and acceleration) [54]. 

There are a number of theories describing formation of particles in the gas 

aggregation particle source. Particle formation process begins with nucleation of 

small clusters from the supersaturated vapour produced by e.g. evaporator or 

magnetron. Stability of these initial clusters is given by thermodynamic principles. 

When an atom or a molecule is adsorbed on a cluster a certain amount of heat is 

released resulting into heating up the cluster. In order to continue the growth the 

cluster has to be cooled down, otherwise it would eventually evaporate. The cooling 

can be provided by the buffer gas in the aggregation chamber. Even though 

ineffective it presents in some cases the vital factor in cluster formation [58]. 
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 A cluster is stable if it is bigger than is the critical diameter for the material it 

is composed of. One of the possible expressions for the critical diameter is 

 �� = �����	

�� ��   (2) 

where γ is the surface tension, Vmol is the molecular volume of the cluster, kB 

is the Boltzmann constant and S is the dimensionless saturation ratio at temperature T 

[55]. This specific expression should be considered with caution as it features 

quantities such as surface tension which are principally macroscopic. The important 

point, however, is the existence of the critical diameter as it determines the smallest 

stable cluster and as a result also the difficulty of the production of particles from a 

specific material. Clean metals usually have the critical diameter bigger than a single 

molecule and are formed by homogeneous nucleation, while ceramics usually have 

the critical diameter smaller than a single molecule which makes every nucleus 

stable and the formation process is called coagulation [55].  

The nucleation phase is followed by particle growth. This may proceed either 

by surface growth by addition of atoms or molecules or by coagulation or 

coalescence i.e. merging of the clusters during their collisions. The detailed 

theoretical calculations of the quantities such as rate of growth, mean size of the 

particle and so on may be found in e.g. [55,59,60]. 
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1.5 Glancing Angle Deposition 

Glancing angle deposition (GLAD), sometimes called also oblique angle 

deposition is method developed for production of columnar thin films. In its basic 

setup it requires only tilting the substrate with respect to the incoming flux of atoms 

or molecules and satisfaction of several requirements on deposition conditions. 

 

1.5.1 Early stages of growth of thin films 

In the early stages of growth of a thin film the atoms or molecules condensing 

on the substrate form a structure of islands. With the deposition where the substrate 

normal is aiming in the direction of the source the islands will eventually join and 

form more or less continuous film. Depending on the deposited material, substrate 

and deposition conditions such as substrate temperature the islands may be 

incorporated in the complete layer immediately in the moment, when there are 

enough atoms or molecules to form the complete layer or they may grow in height 

first. The early growth can in principle follow one of three possibilities: layer by 

layer, island growth or their combination called Stranski-Krastanov, see Fig. 7. 

 

Fig. 7: Modes of early stages of growth of thin film, reprinted from [6] 

 

1.5.2 Effect of substrate tilting  

The effect of tilting the substrate for production of columnar films is known 

for over 100 years [61–63], but there are still many aspects which are not fully 

explored and understood. 
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If the combination of the substrate and deposited material and the deposition 

conditions is favourable for island or at least Stranski-Krastanov mode of growth, the 

tilting of the substrate with respect to the direction of the flux of incoming material 

creates a shadow area behind each island, see Fig. 8. No new material can fall into 

the shadow region causing all the material fall onto the islands. If the mobility of the 

incoming atoms or molecules is limited, the islands begin to grow into columns 

oriented towards the incoming flux. 

 

Fig. 8: Geometry of the oblique deposition and self-shadowing, reprinted from [50]. 

 

The angle of the columns (measured from substrate normal) is not the same 

as the direction of the incoming flux. The angle β of the columns is in general 

smaller or equal than the angle α of the incoming flux, see Fig. 9. First theoretical 

relation between the angles α and β was published in 1966 by Nieuwenhuizen and 

Haanstra [64], so called tangent rule 

 2 tan� = tan�  (3) 

 

 

Fig. 9: Schematic relation between angle of the incoming flux to the angle of growth of the columns, 
reprinted from [65] 
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The relation between α and β has been improved over time to be more precise 

especially at higher deposition angles. In 1993 Tait et al. [66] published a detailed 

theoretical study calculating the columnar growth in GLAD arrangement based 

solely on geometrical means in a limited mobility regime and derived the expression  

 � = � − arcsin ����� !" #  (4) 

which is valid for the most cases. Several other expressions may be found in [66] 

describing less common conditions.  

The angle of incidence α is not the only parameter that influences the angle of 

columns β. Another parameter is for example pressure in the deposition chamber. It 

was found out that with increasing pressure, the angle β is decreasing even though 

the angle α remains constant [67]. 

The research of columnar thin films was accelerated in the second half of the 

20th century (for review see [68]) and especially in ninetieths. Until 1996 the only 

structures available from GLAD were slanted columns [69], straight columns [70] 

and zig-zags [71]. In 1996 Robbie and Brett patented and published [72,73] a new 

method of deposition at glancing angle involving controlled movement of the 

substrate allowing deposition of helical shaped columns and other complex 

structures. It allows deposition of virtually any structure where the columns are 

monotonously growing away from the substrate [50,74–76]. 

As mentioned above the nucleation and growth of the columns is dependent 

on the limited diffusion regime. That is dependent on several parameters, some of 

which are described by so-called structural-zone diagram, see Fig. 10. The diagram 

shows the dependence of film structure on the substrate temperature T (relative to the 

deposited material melting point Tm), deposition pressure, shadowing effects and 

diffusion. In order to deposit columnar films in GLAD arrangement it is necessary to 

keep the substrate temperature low relative to the deposited material melting point, 

otherwise the surface diffusion destroys the column seeds. The pressure in the 

deposition chamber is on one hand helping in limiting the surface diffusion, on the 

other hand it cannot be exploited because a sufficiently low pressure is vital to keep 

the atoms or molecules coming from the source on their original course (angle α). 

The mean free path should be comparable to the distance between the source and the 
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substrate, otherwise the molecules would be scattered from their direction and the 

shadowing effect would disappear. 

As a result of the zone diagram and other material properties, some materials 

form the columnar structure easily (even at zero α), some prefer to form continuous 

film. The formation of the initial islands and later columns depends on the relative 

surface energies of the substrate and the deposited material. Materials that form the 

columns easily are for example ceramics or metals like titanium or molybdenum. 

Noble metals or polymeric materials preferably form continuous film [61,68].  

 

Fig. 10: Structural zone diagram, reprinted from [6] 
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Tilting the substrate causes decrease of the density of the incoming flux of the 

vapour material according to cosine rule 

 $ = $%&'(� (5) 

where I is the final flux per area of the substrate, I0 is the flux per area of substrate 

with no tilt, i.e. its normal in direction of the source of the incoming material and α is 

again the tilt angle of the substrate. The deposition rate of the film is somewhat 

higher, because the density of the film is decreasing with increasing angle α and thus 

less material is needed for a unit of thickness.  

The equation (5) has another consequence. As a result of higher flux at lower 

deposition angles the non-parallel beam of the incoming flux effectively decreases 

the deposition angle. The beam produced by most sources, especially magnetrons is 

principally non-parallel. The parallelism may be improved by higher distance 

between source and the substrate, however, at further cost at the deposition rate.  
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2 Experimental 

2.1 Vacuum deposition systems 

2.1.1 Magnetrons 

Four types of magnetrons were used for the experiments. Three of them were 

planar magnetrons, one was semi-cylindrical. Magnetrons consist of the electrode, 

which is cooled with water from inside, where the magnetic circuit is placed. The 

target is fastened to the surface of the electrode. The electrode is placed into 

grounded housing separated from the electrode by insulating pieces and in the low 

pressure end by a thin gap (less than 1 mm), which has to be small enough to prevent 

ignition of parasitic discharge, see Fig. 11.  

The sputtering target is fastened to the surface of the magnetron (electrode) 

head. As a lot of electric power supplied to the magnetron (up to 75%) is transformed 

into heat as a result of bombardment of the surface of the sputtering target by ions, 

the magnetron and target have to be cooled. The cooling is necessary in order to 

avoid deformation of the target (and possibly magnetron) and also demagnetization 

of the magnetic circuit. To provide sufficient cooling all the magnetrons are equipped 

with water cooling system similar to the one shown in Fig. 11. In order to improve 

thermal contact between target and the electrode a soft conductive carbon foil of 

thickness approximately 0.2 mm was placed between the target and electrode in case 

of all planar magnetrons. 

The magnetrons were powered by either DC (Advanced Energy AE MDX 

1.5K) or RF (Dressler Cesar 600) power supplies. Argon (purity 99.998%) was used 

as an inert gas for sputtering and plasma polymerization. 

 

a) Balanced planar magnetron 2 inch 

This type of magnetron was designed specifically for use in gas aggregation 

particle source which will be described below. It was used for sputtering metals and 

as a source of plasma for plasma polymerization of hexane. The overall construction 

is typical planar magnetron. The diameter of the magnetron head is 2 inch or 51 mm. 

The magnetic field is generated by 6 permanent neodymium magnets fastened to a 6-
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sided steel piece and positioned as depicted in Fig. 11. The maximum of the field 

perpendicular to the surface of the electrode in the centre is approximately 2000 G, 

maximum of the longitudinal part above the racetrack is about 1350 G. The field was 

measured directly above the electrode surface. 

 

Fig. 11: Scheme of 2 inch balanced planar magnetron 

 

b) Balanced planar magnetron 81 mm 

This type of magnetron was developed for general use – for sputtering of both 

metal and polymer targets, to be used as a source of plasma for plasma 

polymerization of gaseous precursors and to be mounted in some types of particle 

sources. The diameter of the electrode is 81 mm and the magnetic field is generated 

by same neodymium permanent magnets as in the previous case, only 8 magnets are 

used and fastened to an 8-sided steel piece. The maximum of the field perpendicular 

to the surface of the electrode is approximately 1300 G, maximum of the longitudinal 

part above the racetrack is about 1100 G.  

  

c) Planar magnetron 81 mm for low pressure depositions 

This magnetron was developed specially for low pressure operation required 

for depositions of columnar films by GLAD. The basic construction is similar to the 

case shown in Fig. 11, but the magnetic circuit has been designed differently. It 

consists of on cylindrical magnet in the centre (22 mm in diameter, 15 mm height) 
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and a ring of 6 rectangular magnets (20x10x5 mm). The magnets are fastened to a 

steel backplate and a steel ring (5 mm thick) is laid over the ring of rectangular 

magnets for homogenization of their field, see Fig. 12. 

Strong neodymium magnets were used in order to achieve maximum electron 

confinement and the shape of the magnetic field was designed in a way to ensure the 

magnetic tunnel covers maximum area of the target which is according to [77] 

requirement for low pressure operation. The maximum of the field perpendicular to 

the surface of the electrode in the centre is approximately 2800 G, maximum of the 

longitudinal part above the racetrack is about 1500 G. The details about the magnetic 

field tuning can be found in [67]. The magnetron is capable of sustaining glow 

discharge at pressure as low as 0.08 Pa and can be mounted with target up to 5 mm 

thick. 

 

a) b) 

 
 

Fig. 12: Magnetic circuit for the low pressure sputtering: a) scheme with highlighted polarity (north=red, 
south=blue); b) photograph of the circuit 

 

d) Semi-cylindrical magnetron for production of sputtered nylon particles 

Semi-cylindrical or semi-hollow magnetron was designed specifically for 

sputtering of polymer targets and use in particle source. The magnetron head consists 

of a planar section over which is a cylindrical part with inner diameter of 60 mm and 

depth 70 mm, see Fig. 13. The sputtering targets for this magnetron consist of two 

parts: circle on the bottom and a rolled rectangle forming the sides of the cylindrical 

part. The working gas is let in through a tube running through the central axis 

entering the cylinder through a hole in the planar bottom. This type of gas inlet is 
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sometimes used even with planar magnetron, but in case of this shape it is vital in 

order to ensure exchange of the working gas in the magnetron cavity. The back of the 

planar section is cooled with water. The whole electrode is made of copper which 

provides sufficient heat transfer from the cylindrical section. The magnetic circuit is 

built from 8 neodymium magnets 10x10x10 mm assembled the same way as was in 

case of balanced planar magnetron described in section b. 

 
Fig. 13: Scheme of the hollow cathode magnetron. 

 

2.1.2 Gas aggregation particle sources 

All the particle sources described in this section have certain common 

features coming from successive designing in our laboratory. All sources are based 

on magnetrons and have a cylindrical shaped aggregation chamber with walls cooled 

with water. The aggregation chamber is capped with a conical lid (narrowing at the 

angle of 45°) terminated with an orifice shaped as a cylindrical hole. The diameters 

of the orifice used in experiments range from 1 to 3 mm. The length varies, but it is 

designed to direct the particles leaving the source to a beam along the source axis. 

The particles nucleating in the vicinity of the target where the vapour or 

active species concentration is highest are carried by the working gas to the orifice. 

Under assumption that inside the source the particles travel at the same speed as the 

gas it is possible to calculate residence time inside the source: 

 t=pV/Q (6) 
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where p is pressure in the aggregation chamber, V is volume of the particle source 

and Q is the working gas flow rate in terms of (standard pressure)·(volume)/(time). 

 

a) Source 1 based on 51 mm planar magnetron 

The source was originally designed as a universal tool for deposition of 

especially metal (and metal oxide) particles. It is based on 51 mm magnetron in order 

to be compact. It is built on ISO100 flange and is easily insertable into vacuum 

chamber. The inner diameter of the aggregation chamber is 60 mm, the length 

(measured from surface of the magnetron to the end of the orifice) is 110 mm. For 

scheme see Fig. 14. The design was published as prototype, see [78]. 

The source was later used for deposition of plasma polymer particles from 

gaseous precursor (hexane). The magnetron in this case was used just as an electrode 

and a source of plasma. The metal target was replaced with carbon one. The 

magnetic circuit was not necessary in this case for promoting of sputtering, but it was 

left in place as it was found out, that the samples deposited with magnetic field have 

better homogeneity. 

 

Fig. 14: Scheme of the Source 1 based on 51 mm planar magnetron 

 

b) Source 2 based on 81 mm planar magnetron 

Two types of the sources based on 81 mm planar magnetron were used for the 

experiments. In one case the aggregation chamber was custom standard as in case of 

the previous smaller source, in the other the walls of the aggregation chamber were 
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made of standard ISO100 pieces and it was connected to the deposition chamber 

from the outside. 

The inner diameter of the aggregation chamber was in both cases 100 mm. In 

the first case of custom insertable aggregation chamber, the length from the surface 

of the magnetron to the end of orifice was 90 mm (aggregation length), in the latter 

case of ISO 100 connectable aggregation chamber it was 175 mm. The design with 

insertable aggregation chamber was published as prototype, see [79]. 

 

c) Source 3 based on semi-hollow magnetron 

The particle source implementing semi-cylindrical magnetron was designed 

specifically for deposition of plasma polymer particles. The semi-cylindrical shape 

was used in order to increase surface of the target while keeping compact size of the 

magnetron and therefore the aggregation chamber.  

The inside of the semi-hollow electrode was laid with polymeric target (nylon 

6,6 was tested so far). The thickness of the target on the bottom was 5 mm, on the 

sides 1 mm. The target had to retain good contact with the cooled electrode in order 

to prevent thermal damage. The bottom part had to be thicker, because the 

requirement on mechanical strength of the flat piece was higher than in case of round 

walls. Also while the rolled rectangle pressed itself against the walls, the flat bottom 

had no such advantage and any loss of contact (which was the case with thin target 

especially its central part) led to quick thermal damage and deformation. As a result 

of gas inlet design, there is a hole in the centre of the bottom part of the target. The 

flow of the gas starts in the bottom of magnetron cavity and drags the forming 

particles out through the aggregation chamber to the exit orifice. For scheme of the 

source see Fig. 15. The design was published as prototype, see [80]. 



26 
 

 
Fig. 15: Scheme of Source 3 based on semi-hollow magnetron. 

 

2.1.3 Vacuum deposition chambers 

Depositions were performed in high vacuum (HV) chambers based on ISO-K 

standard. The chambers were pumped by rotary and diffusion pumps to base pressure 

between 5·10-4 to 1·10-3 Pa. For most of the experiments the chamber was equipped 

with load-lock system pumped by rotary pump allowing fast replacement of 

substrates after deposition without need to let atmosphere into the entire chamber. 
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2.2 Characterization of deposition process and deposited thin 

films 

2.2.1 Quartz Crystal Microbalance (QCM) 

Quartz crystal microbalance is a method for in-situ measurement of film 

thickness or deposition rate. The device is based on oscillating quartz crystal. The 

crystal is usually cut along the AT plane [81], which offers low temperature 

coefficient around the room temperature. The cut is usually a thin circle of quartz 

with metal electrodes deposited on the top and bottom side. Under oscillating voltage 

the crystal behaves as a forced mechanical oscillator as a result of piezoelectric 

effect. For use as QCM the excitation frequency is generally in the range of 

megahertz which induces thickness-shear vibrations in the crystal [82]. The 

excitation frequency has to be close to the crystal’s resonance frequency which is 

measured by the frequency counter. 

When a film of mass dm is deposited on the surface of the crystal, the 

resonance frequency decreases by  

 �) = − *+
,-.

/0
�   (7) 

where S is the film area, ρd is the deposit density, f is the fundamental frequency and 

C is the frequency constant (for quartz AT cut: 1656 Hz·m) [6]. The formula 

assumes that the added material manifest itself only as an increase of the crystal’s 

own mass and it neglects the elastic properties of the film. If however the deposit is 

thin and the resultant change in the frequency of the oscillator is less than few 

percent, the dependence of frequency shift on the deposited mass is fairly linear. It is 

possible to calibrate the frequency shift to the film thickness by independent 

measurement of the thickness by some other method (AFM, SEM, spectroscopic 

ellipsometry). The calibration should be done for each material separately (possibly 

for each deposition conditions) because the density of the deposit is usually lower 

than the bulk value. In many cases, however, the relative deposition rate in terms of 

deposited mass (expressed in units of frequency shift) is sufficient for comparison 

between different deposition conditions. 

The gold coated crystals of diameter 0.5 inch were used in the experiments 

for deposition rate measurements. The resonant frequency of the crystals was 
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approximately 5 MHz. The crystals were mounted into a custom crystal holder and 

connected to a frequency counter with resolution 1 Hz. The frequency counter was 

connected to a computer allowing logging the data and with linear regression, 

measurement of sub 1 Hz/s deposition rates under the assumption of constant 

deposition rate. The typical maximum frequency shift before replacement was few 

thousand hertz, which is well within the linear frequency/mass dependency. 

 

2.2.2 Optical emission spectroscopy (OES) 

Optical emission spectroscopy (OES) is an in-situ method for detection of 

atoms and molecules in low temperature plasma. The principle is in detection of 

optical radiation from excited species in plasma. The radiation originates from 

transitions of electrons from excited energy levels to base or lower energy levels. 

Each transition causes emission of radiation on a characteristic wavelength which 

may be used for identification of the source of the transition (atoms or molecular 

fragments). However, not all species in plasma radiate and often some spectral lines 

overlap. Therefore the interpretation of the large amount of information contained in 

the spectra may be sometimes difficult and absolute quantitative analysis requires 

special procedures. The method is however very sensitive to relative changes and it 

is experimentally undemanding.  

The spectra were acquired with thermo-electrically cooled AvaSpec 

spectrometer (Avantes). The spectrometer was connected to the deposition chamber 

by an optical fibre. The fibre was connected to a quartz window which was in direct 

line of site of the discharge. Spectra were recorded in the range 240-410 and 650-850 

nm. Spectral lines were assigned according to [83]. 

 

2.2.3 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy was the first of electron microscopies. Its 

principle is very similar to optical microscopy, with the light replaced by electrons. 

The higher resolution is achieved because the electron wavelength is much shorter 

than the wavelength of visible light. The microscope consists of an electron source, 

which may be for example heated filament or in more expensive microscopes 
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sources such as cold cathode based on field emission. The electrons are accelerated 

first to energies of hundreds of keV and then collimated using a system of 

electromagnetic lenses (coils) into a parallel beam, which is driven through the 

sample. The electrons then pass though another set of objective and projector lens 

and are projected on a fluorescent screen or CCD camera. 

The samples for TEM are usually deposited on special thin substrates called 

TEM grids which are suitable for vapor deposition techniques. The electrons are 

absorbed very quickly when passing through matter, which limits the thickness of the 

samples to few hundred nanometers [6]. The microscope has to be operated in high 

vacuum in order to avoid absorption of the electrons by the gas and also to avoid 

discharge in the gas as a result of high acceleration voltage (hundreds of kilovolts). 

More on the topic of transmission electron microscopy may be found in e.g. 

[6,84,85] 

 

2.2.4 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy is a younger type of electron microscopy and it 

is designed for imaging of the surfaces. The microscope consists of a source of 

electrons, electron accelerator and condenser lens similar to TEM. Beyond this set of 

components, there are coils for focusing the electron beam into a very fine spot on 

the surface of the sample (usually a few nanometers in diameter) and another set of 

the coils for rastering the beam over the surface of the sample.   

The electron acceleration voltages used in SEM are much lower than in TEM. 

The usual range is from several hundred volts to several tens of kV. When the 

focused electron beam hits the sample the interaction excites several responses.  

Some of the electrons get backscattered from the sample with energy similar 

to what they arrived with. These are referred to as backscattered electrons. The 

probability of backscattering changes with the atomic number Z. The dependence on 

the Z is not very strong, but the backscattered electrons may still be used for imaging 

of material contrast between regions of different composition. Because the 

backscattered electrons come from higher depth, there is less topological contrast and 

also as a result of teardrop shape of the interaction the resolution is generally lower 

than the spot size of the incident beam. 
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Another group of electrons are secondary electrons. These are electrons 

which were ejected from atomic shells of the sample surface due to inelastic 

collisions with the primary electrons. Secondary electrons have low energy only up 

to 50 eV, which means they originate from very low depth no larger than several 

angstroms. Due to low depth of origin, these electrons carry information about the 

surface topography. The reason for topography contrast is explained in Fig. 16c 

showing that more secondary electrons are ejected from a sloping surface, making 

the sloped edges appear brighter.  

The last type of response on impact of primary electrons is production of X-

Rays. These also carry information about chemical composition, but as they originate 

from even bigger volume than backscattered electrons, the resolution is even lower. 

Although their analysis is possible, it is not common feature of SEMs.  

The way of focusing the electron beam into a narrow beam provides the 

microscope with very high depth of focus. The use of the focused electron beam has 

also its limitations. As the number of incoming electrons is higher than number of 

electrons leaving the surface, the samples need to be at least partially conductive to 

prevent charging of the surface and distortion of the image. There are methods which 

allow limitation of the charging, but they either require special equipment or are 

difficult to tune. More details about SEM may be found in e.g. [86]. 

The measurements were conducted on a Mira II microscope (Tescan). The 

maximum acceleration voltage was 30 kV. The typical size of the electron spot was 

between 2 and 3 nm. 
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Fig. 16: Scheme of the interaction of incident electron beam in SEM with surface of the sample: a) 
interaction of the primary beam with surface and types of sample responses; b) energy spectrum of 
electrons emitted from the surface; c) effect of surface topography on electron emission. Reprinted from 
[6]. 

 

2.2.5 Atomic Force Microscopy (AFM) 

The atomic force microscopy falls into now large family of scanning probe 

microscopy (SPM). This class of microscopes uses a probe in form of a sharp tip for 

scanning (rastering) over the surface of sample. The different types of microscopes 

are focused on different types of interaction between the tip and the surface. For 

more information about the various modifications of SPM see [87–89]. 

AFM focuses on the "mechanical" interaction of the tip and the surface. The 

interaction is described by a potential, whose shape is usually approximated by so 

called Lenard-Jones potential. The shape of the potential or rather its first derivative 

representing the force in dependence on the mutual distance between the tip and the 

surface is illustrated in Fig. 17.  
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Fig. 17: The force acting between the tip and the sample in dependence on the mutual distance, reprinted 
from [88]. 

 

When the tip is approaching to the surface, it first experiences attractive 

interaction caused by Van der Waals forces. Upon further approach the interaction 

changes into repulsive once the electron shells of the atoms of the tip and surface 

begin to touch or overlap. By measurement of the force between the tip and the 

surface it is possible to determine the topography. For the measurement of the force, 

the tip is in all modern types of AFMs situated on the end of a fine flexible 

cantilever. A laser beam is focused on the end of the cantilever and a segmented 

photodiode detects the flection of the cantilever from the shift of the laser beam, see 

Fig. 18. 

 

Fig. 18: Scheme of cantilever flection detection. 
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There are number of scanning modes which can be used to determine surface 

topography and other modes which for example offer possibility of material contrast 

(based on e.g. different modulus). Description of these modes and methods may be 

found in e.g. [87]. 

The most common scanning modes are contact and semi-contact. In the 

contact mode, the tip is in constant contact with the surface and the repulsive part of 

the potential is in use. The topography is detected based on the flection of the 

cantilever. The semi-contact mode is more complicated. The tip and the cantilever 

are set into vibration motion with frequency in order of 100 kHz. In the Lenard-Jones 

potential, the cantilever behaves as dampened oscillator and its frequency shifts with 

the changing distance to the surface.  

In both contact and semi-contact modes the scanning is usually conducted 

with constant distance between the tip and the surface. The average distance between 

the tip and the surface is constantly adjusted by a feedback loop when the bend of the 

cantilever or a shift in its vibration frequency is detected.  

The AFM topography image is a 3D map of points which allows statistical 

analysis. One of the most common parameters is the RMS (root mean square) 

roughness defined as 

 123� = 4�
5∑ 789 − 8̅;"59<�    (8) 

where N represents the number of image points, zn is the z-position of the n-th point 

and 8̅ is the average z-position of all points defined as 

 8̅ = �
5∑ 8959<�     (9) 

Another usual parameter is the roughness factor r which is dimensionless quantity 

defined as the ratio of the area Sr of the rough surface to the area Sp of its projection 

on a plane: 

 = = �>
�?    (10) 

Two AFM microscopes were used in this work: Q-Scope 350 (Quesant) and 

N-Tegra Prima (NT-MDT). The usual tip curvature was about 10 nm. 
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2.2.6 Analysis of particle size distribution 

The particle size distribution was obtained from TEM, SEM and AFM images 

using a software Solarius Particles [90] which was designed within the scope of this 

thesis. The software does not provide automatic analysis, but requires the operator to 

mark each particle. However, unlike the black and white binary analysis of the image 

it can be used for non-homogeneous image backgrounds and in cases where particles 

are touching or overlapping. The particles in the 2-dimensional image are 

approximated by circles. The circle is considered sufficient approximation of most 

particles and is sufficiently simple to allow fast analysis.  

In order to have adequate statistical file, a set of usually 200 to 500 particles 

was measured for each sample. 

 

2.2.7 2D Triboscope 

The triboscope is a device for measurement of the mechanical durability of a 

surface. It is equipped with a tip which is similarly to AFM used to scan over the 

surface. However, in the case of triboscope the force of contact between the tip and 

sample is intentionally higher than in AFM. The tip is used to scan over the surface 

under defined load and then the AFM is used to investigate the damage to the 

surface. 

In this work a 2D TriboScope (Hysitron Inc.) attached to NTegra Prima 

Scanning Probe Microscope (NT-MDT) was used for sample analysis. The scratches 

were made with Berkovich diamond indenter with a tip radius of 100 nm under 

normal loading ranging from 1 µN to 10 mN. Measurements were performed at 

Institute of Materials Chemistry, University of Technology, Brno. 

 

2.2.8 X-Ray and electron diffraction  

The X-Ray photons or energetic electrons scatter when they interact with 

matter. If the matter in question is crystalline, i.e. ordered, the scattered photons or 

electrons combine into a diffraction pattern. The interaction obeys Bragg’s law 
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 2� sin@ = AB  (11) 

where d is the spacing between lattice planes, θ is the diffraction angle measured 

from sample normal, n is the integral order of diffraction and λ is the wavelength of 

the incidence photons/electrons. 

A symmetry and lattice planes distance, which are determined by each 

substance give a diffraction pattern corresponding to this pattern. If the material is 

composed of more phases, each gives its own diffraction pattern. Knowing the 

patterns allows determining the composition and crystalline structure of the sample. 

The X-Ray diffraction (XRD) measurements of titanium films deposited on 

polished silicon substrates were performed on Panalytical X'Pert MRD 

diffractometer at the Department of Condensed Matter Physics of Faculty of 

Mathematics and Physics, Charles University in Prague. The diffractometer was in 

the parallel beam geometry with an X-ray mirror. Copper Kα radiation was used at 

the incidence angle 1°. Crystal structure of the samples was matched to the database 

files provided by ICDD [91]. 

 

2.2.9 Spectroscopic Ellipsometry (SE) 

Spectroscopic Ellipsometry has been developed as a non-destructive method 

for optical analysis of transparent thin films. It uses polarized visible and near 

infrared and ultraviolet light. The light is generated by a source, then goes through a 

polarizer, reflects on a sample, goes through another polarizer (analyzer) and falls 

into detector, see Fig. 19. 

 
Fig. 19: Scheme of ellipsometry measurement. 
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Ellipsometry measures the changes in the polarization of the light upon 

reflection from the sample, specifically complex reflectance ratio which constitutes 

of the amplitude ratio Ψ of the p and s polarization components and their phase shift 

∆ according to 

 C = D?
DE = tan7Ψ;eHI    (12) 

where rp and rs are complex amplitudes of s and p polarizations after reflection. 

The change of polarization for different wavelengths carries information 

about structure of the sample, specifically properties such as thickness, roughness, 

refractive index and others. 

The material quantities, however, cannot be calculated directly from the 

ellipsometry data. Therefore ellipsometry relies on modeling of the expected film 

structure and its comparison to measured data. More detailed description of the 

ellipsometric measurements and modeling may be found in e.g. [92,93].  

Elipsometry measurements were performed on a spectroscopic ellipsometer 

(Woolam M2000DI) with angle variable in range 0 to 80° and in wavelength range 

from 192 to 1690 nm. The samples for measurements were deposited on silicon 

wafers which are standard substrates for deposition and have excellent refractive 

properties for ellipsometry.  

 

2.2.10  X-ray Photoelectron Spectroscopy (XPS) 

X-Ray Photoelectron Spectroscopy is a method for chemical analysis of 

surfaces. The sample is irradiated with an X-ray beam. The photons interact with the 

atomic shells of the sample and on inelastic collisions knock out electrons from the 

inner orbitals. These electrons are ejected from the surface with kinetic energy 

 J
 = ℎL − Φ − JN     (13) 

where h is Planck constant, ν is the incident X-Ray beam frequency, Ф is the 

spectrometer work function and EB is the binding energy of electron in its atom of 

origin. Equation (13) allows calculation of the binding energy with known energy of 

the incoming X-Ray hν and the measured kinetic energy of the electrons. The work 

function is small and difficult to evaluate theoretically, so all binding energy spectra 
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are simply calibrated to the position of some known distinctive peak. This can be for 

example C1s peak at 285.0 eV. The calibration is necessary for one more reason: 

especially non-conductive samples charge due to loss of electrons which shifts the 

kinetic energies to lower values. 

XPS is highly surface sensitive method. Even though the incoming X-Rays 

have quite high penetration depth, the energy of the electrons leaving the sample 

does not allow them to overcome more than a few nanometers of matter, in most 

cases about 10 nm [94].  

Measurement of the binding energies of the inner orbitals allows quantitative 

identification of elemental composition, because inner orbitals are element specific. 

The chemical bond of the atom causes a small, but measurable shift to the binding 

energy allowing also quantitative analysis of chemical bonds within element’s peak. 

More details about XPS may be found in [94] and [95]. 

The XPS used in measurements uses X-Ray gun with aluminum anode 

producing Kα radiation at 1486.6 eV. The gun was equipped also with Mg anode 

(1253.6 eV). Specs Phoibos 100 with hemispherical analyzer was used for 

measurement of kinetic energy of the electrons. The X-Ray incidence angle was 55°, 

the scans were acquired at constant take-off angle of 90°. Wide scans (0–1300 eV) 

were recorded using 40 eV pass energy (step 0.5 eV, dwell time 0.1 s), whereas high 

resolution scans were recorded at 10 eV pass energy (step 0.05 eV, dwell time 0.1 s, 

10 repetitions). 

 

2.2.11 Fourier Transform Infra-Red Spectroscopy (FTIR) 

Infrared spectroscopy is a method for detection of chemical groups. It is 

oriented on excitation of vibration states of the chemical bonds by absorption of 

photons of energy specific to each bond and vibration mode. The wavelength or 

frequency of the incident infrared (IR) radiation is usually reported as wavenumber 

(number of wavelengths per centimeter). The usual range for wavenumber in FTIR is 

about 400 to 4000 cm-1. 

The different wavelengths of the IR radiation are let through a sample and the 

ratio of the transmitted to the incident radiation is measured. In past the IR radiation 
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was let through the monochromator and the transmittance was measured for each 

wavelength band separately. In present days, the measurement is in vast majority of 

cases done with Michelson interferometer, see Fig. 20. Unlike with the 

monochromator (older method) all wavelengths enter into the interferometer at once 

ensuring high radiation throughput and fast measurement.  

The beam from the source is split on a semi-transparent mirror and each part 

(ideally 50 to 50%) travels one mirror, back through the beam splitter and through a 

sample to the detector. One of the mirrors is moving and the radiation intensity on 

the detector is recorded in dependence on the position of the moving mirror 

(interferogram). The IR spectrum is then obtained by Fourier transform of the 

interferogram.  

The spectra in this work have been recorded using Bruker Equinox 55. The 

wavenumber range was 400 to 4000 cm-1 with resolution 4 cm-1. Each time 400 scans 

were recorded in order to improve signal to noise ratio. The samples were deposited 

on special substrates (gold coated glass) and the beam was let pass through the film, 

then after reflecting on the gold, passed again through the film and then entered the 

detector. More details on FTIR may be found in e.g. [96–98]. 

 

Fig. 20: Scheme of the Michelson interferometer in FTIR spectrometer 

 

2.2.12  Measurement of wettability 

Measurement of wettability or liquid contact angles is very simple and quick 

method. It can give information about surface chemistry and roughness. The surface 

chemistry determines if the sample will be hydrophilic or hydrophobic. The 

roughness acts as an amplifier: rough hydrophilic surface will be even more 
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hydrophilic, rough hydrophobic surface will be more hydrophobic. The liquid 

contact angle of a smooth surface is linked with contact angle of rough surface 

(under the assumption of complete wetting of the surface) by Wenzel equation 

 cos @2 = = cos @P  (14) 

where θi stands for contact angle of ideally smooth surface, θR denotes the contact 

angle of a rough surface and r represents the roughness factor, i.e. the ratio between 

the actual and projected area of the surface [99]. 

In the case when the wetting of surface is incomplete, i.e. there are areas of 

the droplet that are in contact with air trapped in the between the surface and droplet 

due to increased roughness, the wetting is in the Cassie-Baxter regime [100] which 

may be described by equation  

 cos @,N = )� cos @� Q )" (15) 

where f1 is the fraction area of wetted surface (real, not projected), θ1 represents the 

contact angle on a smooth surface and f2 is the fraction of area under the droplet in 

contact with air. 

The wettability is measured by bringing a droplet of chosen liquid in contact 

with the measured surface, taking an image of the surface-droplet interface and 

measurement of the angle between surface and droplet tangent as pictured in Fig. 21. 

The contact angles have been measured on a custom apparatus using custom 

software Solarius Wettability [101]. The droplets were dosed with a syringe, a high 

resolution webcam was used for taking the images and the tangents were measured 

by fitting the droplet by an ellipse. 

 

Fig. 21: Scheme of the measurement of liquid contact angle. Quantities γsl, γlv and γsv represent surface 
tensions on the interfaces between solid-liquid, liquid-vapour and solid-vapour respectively. Reprinted 
from [67]. 
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2.2.13 Biotests 

Polished disks of TiAlV, 12 mm in diameter, were used as substrates for 

samples for cell culture experiments.  

Cell seeding and culture conditions  

For the cell culture experiments, the samples were sterilized using dry heat 

(160°C for 2 hours), inserted into 24-well polystyrene cell culture plates (TPP, 

Switzerland; internal well diameter 15.6 mm) and seeded with human osteoblast-like 

MG 63 cells (European Collection of Cell Cultures, Salisbury, UK), suspended in 

Dulbecco’s modified Eagle’s Minimum Essential Medium (DMEM; Sigma, USA, 

Cat. N° D5648) with 10% fetal bovine serum (FBS; Sebak GmbH, Aidenbach, 

Germany) and gentamicin (40 µg/ml, LEK, Ljubljana, Slovenia). Each well 

contained 16 000 cells (i.e., approximately 8 300 cells/cm2) and 2 ml of the medium. 

The cells were cultured for 1, 3 and 7 days at 37°C in a humidified air atmosphere 

containing 5% CO2. Three samples were used for each experimental group and time 

interval. 

Evaluation of the cell number and viability 

Three samples for each experimental group were used for the analyses 

performed on day 1 after seeding. The samples were rinsed with PBS, fixed with 

70% frozen ethanol (room temperature, 20 minutes) and stained with a combination 

of two fluorescence dyes, that is, Texas Red C2-maleimide (Molecular Probes, 

Invitrogen, Cat. No. T6008; 20 ng/mL of PBS) and Hoechst #33258, which stains the 

cell nuclei (Sigma, 5µg/ml of PBS). Both dyes were applied for 2 hours at room 

temperature. The number of cells was evaluated on microphotographs taken under an 

IX-51 microscope, equipped with a DP-70 digital camera (both from Olympus, 

Japan, obj. 20x).  

On day 3 and 7 after seeding, the cells were detached using trypsin-EDTA 

solution (Sigma, USA., Cat. No. T4174) in PBS for 10 min at room temperature, and 

the cell number was evaluated using a Vi-CELL XR analyzer (Beckman Coulter, 

USA). Three samples were used for each experimental group, and 50 measurements 

were performed on each sample (i.e. 150 measurements in total). 
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3 Results and Discussion 

The results can be divided in the three major groups: deposition of the 

particles with main focus on plasma polymer particles, deposition of composite films 

using as-prepared particles and deposition of columnar structures by GLAD 

technique. 

 

3.1 Deposition of metal nanoparticles 

3.1.1 Silver particles 

First experiments concerning production and deposition of particles by means 

of gas aggregation source were carried out with sputtering of silver. The choice of 

silver is based on the following: 

a) The performance of GAS with silver and other metals was described in 

detail in previous works, see e.g. [54,55,102–106], and allowed to test our 

GAS and compare our results to those published in literature.  

b) Silver is a noble metal with relatively low reactivity and thus is not 

supposed to be much susceptible to impurities. 

c) Silver has a high sputtering yield [10], making it easy to reach 

supersaturation of its vapors in the aggregation chamber of the particle 

source.   

The source based on 2” magnetron was used, see section 2.1.2a). The 

depositions were successful and silver particles of various mean sizes were 

deposited. For these initial depositions the aggregation chamber was only 80 mm 

long and the magnetron was equipped with a special magnetic circuit which 

consisted of 12 small neodymium magnets (5x5x2.5 mm) and a central magnet 

(cylinder 8 mm in diameter, 10 mm height). This circuit was used for the 

experiments with silver, but later it was replaced with standard circuit shown in Fig. 

11a, which has stronger magnetic field and the erosion track covers larger area of the 

target. For the deposition conditions investigated (magnetron current 200 mA, orifice 

diameter 1.5 mm and pressure range 150 to 450 Pa) it was possible to deposit 

circular spot. The spot was found to be fairly homogeneous and its size directly 
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proportional to the distance between substrate and the orifice. With the distance 13 

cm, the spot size was about 23 mm in diameter. The formation of particles was found 

to be efficient only in the pressure range of about 150 to 450 Pa. No deposit was 

obtained outside this pressure window. The size of the silver particles was found to 

be dependent on the pressure with the mean diameter increasing from about 15 to 40 

nm with pressure increasing from 150 to 400 Pa, see Fig. 22.  

a) b)  

Fig. 22: SEM image of silver particles deposited at pressure a) 150 Pa, b) 400 Pa. 

 

The experiments with deposition of silver particles were carried out also on 

the source based on 81 mm magnetron described in section 2.1.2b) with the 

aggregation length 90 mm. With the orifice diameter 1.5 mm and the magnetron 

current 200 mA the particle formation was observed for pressure range of 30 to 140 

Pa. The diameter of the deposit spot with the orifice-substrate distance of 25 cm was 

about 36 mm. Under these deposition conditions and the aggregation chamber 

pressure 75 Pa the electrostatic charging of the particles has been investigated. The 

particle beam was let through a set of biased grids onto a QCM monitor as depicted 

in Fig. 23.  

 
Fig. 23: Scheme of electrostatic filtration of charged particles. 

± V 

QCM 

Particle source 
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With positive, ground or negative voltage placed on the second grid it is 

possible to make rough estimate of the masses carried by the negative, positive and 

neutral particles if the voltage placed on the grid is sufficient to deflect all particles 

of the same polarity letting through only neutral particles and those of opposite 

polarity. The voltage of ±900 V was found sufficient and used for the deflection. The 

use of two grids is considered sufficient for estimates in case of relatively heavy 

metal particles, although the results may be improved by use of three or even four 

grids which would provide electric field with better homogenity. 

Under the investigated deposition conditions the deposited mass belongs to 

37% neutral particles, 39% positively charged and 24% negatively charged particles. 

 

3.1.2 Aluminium particles 

Same type of particle source with 81 mm magnetron as in the previous case 

was used also for depositions of aluminium/aluminium oxide particles. As the 

aluminium is a reactive metal the formation of particles is much more influenced by 

contaminations than in case of silver particles. With clean target (sputtered off native 

oxide layer) the pressure of operation was found between about 15 to 30 Pa, slightly 

varying with magnetron current on high pressure end: the higher is the magnetron 

current the narrower is the deposition parameter window. Very small amounts of 

oxygen can significantly influence the particle formation process. Oxygen is present 

e.g. in the top layer of the sputtering target as a native oxide which forms after 

venting the chamber or even after some time in vacuum due to either leaking or 

diffusion from the aggregation chamber walls. As the chamber is not ultrahigh 

vacuum (UHV), there is water adsorbed to the walls and other gasses which may 

cause oxidation of the target’s surface. With the presence of small amounts of 

oxygen the mechanism of the particle nucleation is changed from homogeneous 

nucleation to coagulation which is more effective. This widens the pressure window 

to about 15 to 80 Pa. Too high amount of oxygen (intentional addition to the working 

gas) on the other hand slows down the formation of particles or prevents it 

completely. Possible explanation is the decrease of sputtering rate.  

Fig. 24 shows a TEM image of the particles deposited in the regime without 

oxygen. This means that the upper layer of the target was sputtered off before 
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particles deposition and no oxygen was added to working gas. The mean particle size 

after exposure to the atmosphere and consequent oxidation is about 25 nm and the 

particles are clearly crystalline – taking polygonal shapes which were not as apparent 

in case of silver particles.  

The spot size in the orifice-substrate distance of 25 cm is about 33 mm which 

is close to the value obtained for silver under similar conditions. 

 
Fig. 24: TEM image of Al particles deposited from clean target with magnetron current 0.2 A and pressure 
25 Pa 

 

3.1.3 Copper particles 

Copper particles have been deposited in a particle source based on magnetron 

with diameter of 81 mm and aggregation length of 175 mm described in section 

2.1.2b). The orifice diameter was 1.5 mm. 

The window of operation was investigated with QCM. The deposition rates 

measured in range of 10 to 200 Pa are shown in Fig. 25. In this case the particles are 

produced in the whole range of investigated pressures. There are, however, two 

maxima of deposition rate: one at about 15 Pa, another at about 170 Pa. 

The size of the deposit spot was decreasing with the increasing aggregation 

chamber pressure. It was spreading over a circle with 68 mm in diameter for the 

pressure 20 Pa, 44 mm for 40 Pa and only 21 mm for 200 Pa (for the orifice 

substrate-distance of 21 cm). The spot was fairly homogeneous in all investigated 

cases. The size of the deposit spot may be decreasing because the particles are given 

greater speed at higher aggregation chamber pressures and are less susceptible to 

scattering. The fact that the spot size is rapidly decreasing also means that even 

100 nm 
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though the local areal density of the particles is increasing at high pressure end the 

overall amount of the particles leaving the source is decreasing. The particles are just 

concentrated on a smaller area.   
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Fig. 25: Deposition rate of copper particles depending on the aggregation chamber pressure. Magnetron 
current a) 0.2 A; b) 0.4 A. 

 

The particle size is also developing with pressure in the aggregation chamber. 

The mean diameter of the particles is increasing at first: 22 nm for 20 Pa and 27 nm 

for 40 Pa but then at 200 Pa a population of big, but also very small particles appears 

causing a shift of the mean diameter to only 20 nm, see Fig. 26. Similar behaviour 

was observed also for silver, which was described above. On the upper edge of the 

pressure window for silver, there also appeared separate populations of big and small 

particles in one deposit. 

 
Fig. 26: SEM images of copper particles deposited at magnetron current 0.4 A and aggregation chamber 
pressure of a) 20 Pa; b) 40 Pa; c) 200 Pa.  
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3.2 Deposition of C:H plasma polymer particles 

After successful testing of the source 1 described in the section 2.1.2a on the 

deposition of metal (silver) particles the source was used for deposition of C:H 

plasma polymer particles. 

At first the distance from orifice to substrate was 13 cm as was usual in the 

initial experiments with deposition of silver particles. In this setup, experiments for 

characterization of the source were carried out. Investigated dependences included 

power, pressure and hexane concentration. Size of the particles, their chemical 

composition and the deposition rate was investigated. The deposition rate was 

measured by QCM in the distance of 3.5 cm that offered higher values of the 

deposition rate and better resolution for the QCM monitor. 

The QCM was used to determine the deposition rate for dependences on 

power, pressure and gas mixture in the range limited by either detection limits or 

construction limits of the source. The dependences are presented in Fig. 27.  

The power dependence was measured in range from 26 to 50 W [107]. The 

pressure in the aggregation chamber was kept at 160 Pa and the working gas mixture 

of argon and hexane contained 11.3% of hexane (measured in terms of flow rates). 

The deposition rate was nevertheless found to increase linearly with the increasing 

power. At 26 W the deposition was on the resolution limits. At 50 W and above the 

discharge and also the deposition rate were becoming somewhat unstable due to 

random parasitic discharges. 

The total pressure of the argon/hexane gas mixture was varied in a way that 

the ratio of gasses was kept constant with hexane content fixed at 11.3% (in terms of 

flow rate) and the power input was kept at 40 W. Pressure limits were determined on 

the lower end by the low deposition rate and on the upper end by the parasitic 

discharges. The deposition rate exhibits a maximum between 135 and 160 Pa. With 

the increase of pressure beyond 160 Pa, there is a decrease in the deposition rate 

which, however, does not fall to zero.  
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Fig. 27: Deposition rates measured by QCM for dependences on a) power; b) working gas mixture; c) 
pressure in the aggregation chamber 

 

Finally, the dependence on the hexane ratio in the working gas mixture was 

investigated. The total pressure in the aggregation chamber was fixed at 160 Pa and 

the power input of 40 W was used. There was again a maximum between about 7 and 

11% of hexane in the mixture. The deposition rate was found to fall rapidly on both 

ends of the dependency. On the low hexane concentration end the deposition rate is 

small probably simply because there is too little of the monomer. As for the other 

end, it was observed that the light emission from the discharge was decreasing with 

increasing ratio of hexane in the discharge. It is likely that from some point the mean 

power per hexane molecule is too low to efficiently activate the molecules. 

According to [108], the presence of hexane decreases energy of the electrons as 

indicated by electron energy distribution function (EEDF) measurements. 

The SEM images of the particles are presented in Fig. 28 (dependence on the 

power input) and Fig. 29 (dependence on the hexane concentration in the working 

gas mixture). The dark centre of the particles is just an imaging artefact and has 

nothing to do with the particle structure. The artefact seems to be visible only when 

the particle directly touches the substrate and is likely caused by piping away the 
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electrons. It disappears at low acceleration voltages of the electron beam. The similar 

effect was observed in some cases also with metal or metal oxide particles. 

 

Fig. 28: SEM images of the C:H particles deposited at input powers of a) 27 W; b) 40 W; c) 53 W. The 
aggregation chamber pressure was 160 Pa, hexane ratio 11.3% and the distance was 13 cm. 

 

 

Fig. 29: SEM micrographs of C:H particles deposited at different hexane concentrations in the working gas 
mixture: a) 7.4%; b) 11.3%; c) 16.5%. The input power was 40 W, total pressure 160 Pa and the orifice-
substrate distance was 13 cm. 

 

The size distributions of the particles were measured from the SEM images. 

These distributions were statistically processed and the mean values were obtained. 

The mean size of the particles was found to decrease from 143 nm to 81 nm in 

diameter with the input power increasing from 27 to 53 W, see Table 1. The size of 

the particles is decreasing while as was mentioned earlier, the deposition rate is 

increasing with the increasing power. At higher power, more monomer molecules are 

more activated and as a result, there are more growth centres for the particles 

resulting into more, but smaller particles.  
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The similar effect rising from the same reason was found in the dependence 

on the concentration of hexane in the working gas. The size of the particles was 

increasing with increasing monomer concentration at constant power as a result of 

the decrease of the mean power per monomer molecule. 

 

Table 1: Mean sizes of the C:H plasma polymer particles for input power ranging from 27 to 53 W. Total 
aggregation chamber pressure 160 Pa, hexane concentration 11.3%. 

Input power 

(W) 

Mean diameter 

(nm) 

Standard 

deviation 

(nm) 

Mean diameter 

median 

(nm) 

27 143 18 141 

33 130 15 129 

40 92 10 90 

47 92 14 91 

53 81 15 77 

 

Table 2: Mean sizes of the C:H plasma polymer particles for hexane concentration ranging from 7.4 to 
16.5%. Power input 33 W, total aggregation chamber pressure 160 Pa. 

Hexane 

concentration 

(%) 

Mean diameter 

(nm) 

Standard 

deviation 

(nm) 

Mean diameter 

median 

(nm) 

7.4 121 15 119 

11.3 130 15 129 

16.5 143 20 141 

 

The chemical composition of the particles was studied using FTIR and XPS. 

Both methods were used for investigation of the dependence on the input power and 

the concentration of hexane in the working gas mixture. With reminder that the XPS 

cannot detect hydrogen, the results from both methods are in agreement. 

The FTIR measurement of the power dependency is presented in Fig. 30a. 

The samples have been prepared with the same deposition time. There is very little 

amount of polymer on the 27 W sample, because the deposition rate was too small, 

as mentioned above (Fig. 27). As expected with the use of hexane precursor, the 
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spectra reveal presence of aliphatic groups CH2 and CH3 (stretching vibrations just 

below 3000 cm-1 and bending vibrations just below 1500 cm-1). In case of sample 

prepared at power 33 W, these are almost only groups present. With increasing 

power, there is increasing evidence of oxidation (OH peak at ~3400 cm-1 and C=O 

peak at 1700 cm-1) and dehydrogenation (C=C peak at 1600 cm-1). The formation of 

oxygen-bearing species is best explained by the presence of radicals in the particles 

whose number is growing with increasing power. The chemical analysis has been 

done ex-situ after transporting the samples in normal atmosphere. The reaction of the 

radicals with air oxygen or water is the most probable source of the detected oxygen-

bearing species. 

Similar results were obtained from XPS measurements (Table 3). As the 

samples were not prepared as continuous film of particles, the wide spectra carry 

information about substrate coverage, but little information about the composition of 

the particles. The reason is the oxygen from the silicon substrate, which is difficult to 

differentiate from the oxygen coming from the deposit. More information can be 

obtained from the high resolution spectra of the C1s peak, which revealed increase of 

the amount of carbon atoms bonded to oxygen from only 1% at power 33 W to 6% at 

power 50 W. 

The samples for the investigation of the influence of hexane concentration 

were prepared at power of 40 W. The relative intensity of the oxide peaks to the CHx 

peaks is decreasing with the increasing amount of hexane in the gas mixture. The 

reason for this is again likely related to the average power per monomer molecule 

which is decreasing if either power is lower or the monomer concentration is higher. 
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Fig. 30: FTIR spectra of the C:H particles: a) dependence on the power input for pressure 160 Pa and 
hexane ratio 11.3 %; b) dependence on the gas mixture composition – hexane concentration of 3.5, 7.4, 11.3 
and 16.5% for input power 40 W and pressure 160 Pa  
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Table 3: Chemical composition of the C:H particles obtained from XPS for three power inputs, pressure 
160 Pa and hexane concentration 11.3% 

 

Element content (%) – 

wide spectrum  

Chemical bonds (%) – 

peak of carbon 

Power 

(W) 
O C Si 

 
C-O C-C, C-H 

33 28,3 32,3 39,3 1 99 

40 24,5 41 34,5 3 97 

50 11,5 79 9,5 6 94 
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3.3 Composite films: particles embedded in or covered with a 

matrix 

Particles may be used for fabrication of nanostructured surfaces. The problem 

of the standalone particles, however, is their poor adhesion to the substrate, which is 

in most cases too low to withstand even soft abrasion or contact with liquid 

environment. Good adhesion is very important for use of the structured surfaces in 

applications. This problem may be solved by fixing the particles it a matrix. 

The particles and the matrix may be either deposited simultaneously or the 

particles may be deposited first and then covered by an overlayer. The overlayer was 

found more reliable because as a portion of the particles is charged the particles get 

deflected from their path by the electric field of the second electrode. Also especially 

with use of RF in the second electrode, there is a risk of parasitic discharges as a 

result of mutual influence of the electric fields. 

 

3.3.1 C:H particles with titanium overlayer 

The titanium was chosen as overlayer material because of the intention to 

study the influence of roughness on the adhesion of osteoblast-like cells. The 

titanium is a material known for its good osteoblast cells adhesion and its alloys are 

widely used for bone implants.  

 

Morphology of the coatings 

The morphology of the nanostructured films composed of particles covered 

with an overlayer may be influenced both by the amount of deposited particles and 

the thickness of the overlayer. Aside from the amount of particles, the morphology 

and roughness are highly influenced also by the dimensions of the objects on the 

surface, which is related to the size of the particles and the thickness of the overlayer. 

A series of samples with different amount of C:H particles covered with a 

titanium overlayer have been deposited. The particles were again deposited from a 

mixture of argon and hexane at a power of 40 W, total pressure in the aggregation 

chamber 160 Pa and hexane concentration in the gas mixture 7.4%. The mean 
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diameter of the standalone particles at these deposition conditions was 119 nm, see 

Fig. 31. The particles were covered with titanium overlayer prepared by sputtering of 

titanium target in argon using a magnetron described in section 2.1.1c) at pressure 

0.15 Pa and magnetron current 0.45 A. The thickness of the titanium layer was if not 

said otherwise kept at 200 nm that correspond to 10 min deposition time.  

The thickness of the overlayer was chosen to be about twice the mean 

diameter of the particles to ensure sufficient fixation of the particles. Covering of the 

particles caused their lateral expansion. The covered particles will from now on be 

rather referred to as bumps. After covering with 200 nm of titanium the mean 

diameter of the bumps (for SEM images see Fig. 32) changed to 220 nm regardless 

to the amount of particles on the surface, even though the shape of the distribution 

narrowed a little with the particles closer together, see Fig. 31.   
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Fig. 31: Size distributions of standalone C:H particles and two different amounts of C:H particles covered 
with 200 nm of titanium overlayer 

 

The SEM images of the films are shown in Fig. 32. For lower amounts of 

particles on the substrate the titanium is during deposition capable to diffuse also 

below the particles helping to fix them even better. When the layer of the particles is 

thicker, the titanium possibly still enters the space between particles, because the 

adhesion was not impaired.  
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a) 

  

b) 

  

c) 

  

d) 

  
Fig. 32: SEM images of the different amounts of C:H particles covered with 200 nm of titanium. Cross-
sectional images are in the right column, top views are in the left column. The different amounts of the 
particles were achieved by varying their deposition time: a) no particles, b) 5 min, c) 10 min, d) 30 min. 
The titanium layer thickness was kept at 200 nm.  

 

1 µm 
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The AFM micrographs are shown in Fig. 33. Two phases may be 

distinguished in the films morphology with the increasing amount of particles on the 

substrate. At first, there are isolated particles and flat areas in between. With more 

particles a monolayer of them is formed eventually and around the point of formation 

of a monolayer further layers are starting to grow. The deposition of particles is 

random in the position where the next particle lands, so next monolayer is formed 

before the previous is fully completed. The two phases – sub-monolayer and more 

than monolayer may be, however, distinguished from the evolution of roughness 

which is presented in Fig. 34. 

 

Fig. 33: AFM micrographs of C:H plasma polymer particles covered with 200 nm of titanium; particles 
deposition time: a) 0 min (no particles), b) 2 min, c) 5 min, d) 10 min, e) 20 min and f) 30 min. 

 

Until formation of the first monolayer which happened approximately 

between 5 and 10 minutes of the C:H particles deposition, the growth of the RMS 

roughness with the amount of particles was quite fast. With the deposition past one 

monolayer the further increase of roughness slowed down. In the first 10 min of 

deposition, the RMS roughness increased from almost zero to about 114 nm. Further 

10 minutes of deposition brought only about 20% increase to 137 nm. 

This effect (the deposition rate of C:H particles is constant in time) can be 

explained in geometrical terms. When the particle falls on a flat substrate it 

contributes to the roughness with all its height. When it falls into pit between other 

particles, it contributes with only a portion of its size. Similar effect was observed 

also with e.g. titanium particles [109]. The increase of roughness may actually stop 

completely after some time when the particles start filling the pits with the same 

probability as growing new hill. This, however, did not occur within the scope of the 
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experiment. The roughness factor, i.e. the ratio of the actual to projected surface area 

behaves similarly as the RMS roughness, because the size of the bumps is not 

changing very much and therefore the two parameters are related. 

 

Fig. 34: Evolution of RMS roughness (left axis) and roughness factor (right axis) with the amount of the 
deposited particles.  

 

Another way to influence the surface morphology of the particles/overlayer 

system is the variation of thickness of the overlayer. A layer of particles deposited 

for 20 min was covered with titanium films with three different values of thickness: 

100 nm, 200 nm and 400 nm. The AFM and SEM images of such films are shown in 

Fig. 35. The size of the bumps on the surface is increasing with increasing thickness 

of the titanium deposit. The titanium grows from the spherical particles in a way 

resembling increasing diameter of the sphere (in the direction of titanium flux). This 

can be seen from the cross-sectional SEM images in Fig. 35. The titanium deposit 

over a particle is widening with its thickness forming a spherical sector (reversed 

cone with round base).  

The roughness of the films in the investigated range of the titanium thickness 

was increasing, see Fig. 36, but the increase was slowing down (note the logarithmic 

scale). It is likely that the increase of the RMS roughness would eventually stop or 
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even reverse as the spherical sectors overlap each other. There are two opposing 

effects: lateral growth of the bumps which increases the RMS roughness and 

overlapping the bumps which decreases roughness. The first one seems to dominate 

in the investigated range.  

 

 

Fig. 35: AFM (left) and cross-sectional SEM images (right) of C:H plasma polymer particles covered with 
titanium overlayer of thickness a) 100 nm, b) 200 nm and c) 400 nm. C:H particles deposition time: 20 min. 

 

To summarize the ways of influencing the surface roughness, changing of the 

amount of the deposited particles is a preferable way because the response of 

roughness is stronger and also the mean size of the bumps on surface is not changing. 

Therefore, in the experiments described below only the variation of particle amount 

will be discussed with the thickness of the titanium layer kept at 200 nm. 
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Fig. 36: Evolution of RMS roughness with the thickness of the overlayer for C:H particles deposited for 20 
min. 

 

Chemical composition of the coatings 

Selected samples were characterised by XPS analysis. Because of the 

deposition protocol and the fact that the surface should be only titanium cover-layer 

it is expected that the chemical composition of all samples will be similar. To check 

this assumption, one flat sample (only titanium layer with no underlying particles) 

and one rough sample (particles deposited for 20 min covered with titanium with 

roughness 137 nm) were selected and subjected to XPS. The elemental composition 

in a timeframe from right after deposition to 16 days after deposition is shown in Fig. 

37. As can be seen from the figure, both samples have close to same composition and 

age in fairly similar manner. Besides titanium, both samples contain also relatively 

high amounts of oxygen and carbon. Such surface contamination is usual for titanium 

films after exposure to the open atmosphere and was reported previously (e.g. 

[37,110]). Only a very small amount of carbon is directly bonded to titanium, part of 

which may have occurred during the deposition process, see Fig. 38 for the high 

resolution XPS spectra. Most of the detected carbon is in form of C-C and C-H 

bonds and also various oxygen-bearing species, which together represent the 

contamination that came from the exposure to air. 
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Fig. 37: Comparison of chemical composition of titanium surfaces with/without underlying particles and 
evolution with aging time. 
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Fig. 38: High resolution XPS spectra of a, b) titanium 2p and c, d) carbon 1s of the a, c) sample without 
underlying particles and b, d) sample with underlying particles deposited for 20 min. The spectra were 
recorded immediately after deposition. Sample was transported to XPS chamber on ambient air. 
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The high resolution XPS spectra (see Fig. 38 and Table 4) have shown no 

significant difference between flat and rough titanium surface except for somewhat 

higher ratio of titanium oxide to metallic titanium in case of the rough sample. This 

is, however, expected XPS artefact caused by rough surface. Under assumption of 

metallic bulk covered with oxide layer of uniform thickness and probing along the 

surface normal, the curved surface will appear to contain more oxides, because the 

oxide layer is slanted and appears thicker along the normal. 

From the XPS measurement it seems that most of the oxidation and other 

contamination of the surface happen shortly after the exposure to the atmosphere. 

Prolonged exposure does not manifest significantly in the XPS measurements both in 

the elemental composition (Fig. 37) and the high resolution spectra (Fig. 38 and 

Table 4). 

 

Table 4: Evaluation of the high resolution spectra deconvolution of Ti2p peak for a) flat titanium film 
without underlying particles; b) rough titanium wit h underlying C:H particles deposited for 20 minutes. 

 

The XRD spectra (see Fig. 39) were taken also on sample with and without 

underlying particles. The analysis on both samples revealed only peaks of metallic 

titanium coming from the film and a peak of silicone coming from the substrate. A 

layer of titanium oxide on the top of both samples was too thin to be detected. The 

particles also were not detected at all because plasma polymer cannot be expected to 

have any crystalline structure. The only difference between the spectra is the relative 

intensity of the peaks representing different crystallographic planes. Both of the 

samples have crystallographic planes textured with respect to ideal powder spectrum, 

but the particles seem to induce different texture than the silicone substrate. 

Aging 
time a)     

Aging 
time b)    

(days) 
Ti 

(%) 
Ti-C 
(%) 

TiOx 
(%) 

TiO2 
(%)  

(days) 
Ti 

(%) 
Ti-C 
(%) 

TiOx 
(%) 

TiO2 
(%) 

0 26 13 17 44  0 19 10 16 55 
2 17 11 15 57  2 19 6 14 61 
8 16 11 15 58  8 19 8 14 60 

16 16 11 15 58  16 17 7 14 62 
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Fig. 39: XRD spectra of titanium films deposited on silicone (plane orientation 100) substrates: a) flat 
titanium film (thickness 400 nm); b) titanium film (400 nm) deposited over C:H particles (deposited for 20 
min) 

 

In addition to XPS the aging of the titanium surfaces with underlying 

particles was studied with water contact angle measurements. Several samples with 

different roughness (different amount of underlying particles obtained through 

different deposition times of the particles) were deposited. Multiple samples were 

prepared in one deposition so that the wettability can be measured each time of a 

fresh surface (area which was not in contact with water before). The samples were 

stored in air in a closed box at room temperature. 

The results of the wettability measurements during 16 days are shown in Fig. 

40. The samples were first measured within about 5 min from the deposition. Little 

difference was found in these early measurements as all the samples were extremely 

hydrophilic with contact angles below 5°. After only a few hours the flat sample 

(without particles) lost its high hydrophilicity and within first day its water contact 

reached 25°. All the samples gradually converged to contact angle of about 40°, but 

as may be seen in Fig. 40 the aging of the samples had a different rate corresponding 

to the roughness of their surface. Thus the sample with particles deposited for 20 

min, which had RMS roughness of about 137 nm stayed with the contact angle below 

10° for about 16 days. 

More samples with different values of roughness were measured within the 

first 5 min and after 16 days and the water contact angles were plotted against the 
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RMS roughness (see Fig. 41) showing considerable improvement of contact angle 

aging with the increasing roughness.  
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Fig. 40: Evolution of water contact angle with time from deposition for four samples with different 
roughness. The thickness of the titanium film was in all cases 200 nm. 
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Fig. 41: Effect of roughness on the wettability of titanium surfaces of two different aging times in the air. 

 

Mechanical stability of the C:H particles/titanium films was studied with 2D 

triboscope. The samples were in this case deposited on a TiAlV substrate which is 

usual material for bone implants tests. Two different methods were used. First the 

indenter was moved in a single line over the sample with load gradually rising from 1 
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to 500 µN. The same area was then scanned with AFM (Fig. 42). In the other way, 

the indenter was used to scan over the whole area of the scan with a defined load and 

the area was then scanned again with AFM (Fig. 43).  

In a single scratch mode the damage in form of plastic deformation of the 

surface is visible from the load of 200 µN. In case of scan scratching in Fig. 43, some 

damage (plastic deformation) is visible even at load of 20 µN and becoming more 

prominent with increasing load.  

No matter of the load (500 µN for single scratch or 300 µN for scan 

scratching) only the plastic deformation of the surface was detected. There was no 

delocalisation of the underlying particles meaning that the thickness 200 nm of the 

titanium cover layer is sufficient for fixing the particles in the film. 

As described in a recent paper [111], the insufficient thickness of the cover 

layer results into dislocation of the particles which therefore become only loosely 

bound to the surface.  

 

 
Fig. 42: AFM micrograph of the sample of C:H plasma polymer particles (10 min deposition) covered with 
200 nm of titanium. Prior to taking the AFM image, the sample was scratched with triboscope tip along the 
line indicated by an arrow. The load on the tip was increased gradually along the line from 1 to 500 µN. 
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a)  b)  

c)  d)  

Fig. 43: AFM micrographs of the sample of C:H plasma polymer particles (10 min deposition) covered 
with 200 nm of titanium. Prior to taking the AFM im age, the sample was scanned with triboscope tip at 
loads of a) 20 µN, b) 100 µN, c) 200 µN, d) 300 µN. 

 

One of the motivations for deposition of structured titanium surfaces was 

investigation of the adhesion of bone cells. The samples with different surface 

roughness were deposited on TiAlV substrates. In the first experiments three samples 

were investigated. One was a flat titanium, the other two had different amounts of 

underlying C:H particles (5 and 10 minutes depositions). The thickness of the 

titanium cover layer was in all cases 200 nm. The RMS roughness of the respective 

samples was 1, 70 and 115 nm. The numbers of cells were counted after 1, 3 and 7 

days from seeding and the results are presented in Fig. 44. The images of the cells 

taken by optical microscopy after 1 and 3 days are shown in Fig. 45. 

The differences in numbers of initially adhering cells after one day from 

seeding are non-significant, i.e. values are comparable. The cells morphology (see 

Fig. 45a, b, c) is well spread on all of the samples meaning that the cells perceive the 

surface as a good one for colonization.  
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After 3 and 7 days from seeding the numbers of cells become markedly 

higher on the sample with roughness 70 nm (5 min of particles deposition). 

It is believed that a certain roughness of the surface and/or size of the bumps 

on the surface are favourable for adhesion of osteoblast cells as they may mimic the 

natural nanoarchitecture of tissues, e.g. the size of some extracellular matrix 

molecules or irregularities on these molecules, and also the size of the extracellular 

parts of cell adhesion receptors. Cell adhesion-mediating extracellular matrix 

molecules may be adsorbed in advantageous, almost physiological geometrical 

conformations, and thus the specific bioactive sites in these molecules, such as amino 

acid sequences like Arginine–Glycine–Aspartic acid or osteoblast-binding sequence 

Lysine–Arginine–Serine–Arginine, may be well accessible to cell adhesion receptors 

[112–114]. 

 

Fig. 44: Numbers of osteoblast-like MG-63 cells on titanium surfaces with different roughness. The 
roughness was induced by underlying C:H particles. The RMS roughness of the three samples was 1, 70 
and 115 nm respectively. 

 

The sample without particles should be considered as a reference. The 

roughness 1 nm is a flat surface comparable to e.g. glass or polystyrene substrates. 

The roughness of 115 nm is probably high enough to at least partly hamper the 

adhesion, spreading and subsequent proliferation of cells. 
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Fig. 45: Images of human osteoblast-like MG-63 cells taken from optical microscope (Olympus IX 51 
microscope, obj. 20×, DP 70 digital camera). The images were taken after a, b, c) 1 day and d, e, f) 3 days 
from seeding. The RMS roughness of the titanium surface was a, d) 1 nm, b, e) 70 nm, c, f) 115 nm. Cells 
were fixed with ethanol and stained with a combination of Hoechst 33342 (blue fluorescence) and Texas 
Red C2-maleimide (red fluorescence, a–c) or Hoechst 33342 alone (d–f). 
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3.3.2 Titanium surfaces for study of the influence of roughness on 

adhesion of osteoblast cells 

Following the conclusions of the previous chapter about influence of 

roughness to the adhesion of human osteoblast-like MG-63 cells a wider range of the 

rough surfaces was prepared in cooperation with HVM Plasma. 

It was decided to limit the RMS roughness to values below 100 nm. A group 

of 8 samples with roughness values from 1 to 95 nm was prepared. Higher values 

from 30 to 95 nm were achieved by use of C:H particles, lower values from 4 to 21 

nm were prepared at HVM Plasma with the use of titanium particles. The range of 

the values of roughness of the investigated samples is presented in Fig. 46. For 

reference, the group was complemented with a smooth titanium layer (RMS 1.4 nm) 

and a TiAlV substrate (RMS 0.5 nm). 

 
Fig. 46: Range of RMS roughness values investigated with respect to adhesion of human osteoblast-like 
MG-63 cells. The different roughness values were achieved by covering different amounts of three sizes of 
particles with a titanium layer. 

 

The SEM images of the titanium surfaces are shown in Fig. 47. The reason 

for the use of more than one size of the particles is apparent from the micrographs of 

the samples with C:H particles. In theory, it would be possible to cover the whole 

range of roughness with only C:H particles, but from some point they would become 

too sparse (distant from each other) to be even accessible to each cell.   
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Fig. 47: SEM micrographs of the titanium surfaces for investigation of the adhesion of cells. a-c) films with 
titanium particles, d-g) films with C:H particles. The number on each image denotes the value of RMS 
roughness.  

 
The parameters for deposition of films with C:H particles are same as were 

described in the previous chapter, only the deposition times of the C:H particles were 

adapted. 

The films with titanium particles were deposited at HVM Plasma and covered 

with 100 nm of titanium film with resulting bumps on the surface having the mean 

diameter 20 nm (small Ti particles) and 58 nm (big Ti particles). 

The low amount of bumps on the films with C:H particles allowed additional 

statistical analysis of the spatial distribution of the bumps. The data of size and 

position of the bumps obtained during checking of the size distribution were used to 

calculate the mean distance between the particles and the fraction of the surface 

covered with bumps. The results are presented in Fig. 48. 

The distance of nearest neighbors is decreasing monotonously with increasing 

surface density (deposition time) of the particles and even below the mean size of the 

bumps. As the bumps are product of particles below the cover-layer and the particles 

are always smaller than the bumps, the two particles close together or touching will 

result into merged bumps. The fraction of the area covered by the particles (the rest 

are the flat areas) is increasing linearly with increasing surface density of the 

particles within the investigated range, which is well below full coverage. 

 

a.  4 nm b.  15 nm c.  21 nm 

d.  30 nm e.  55 nm f.  76 nm g.  95 nm
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Fig. 48: Statistical evaluation of the mean distance and the fraction of the area covered by the bumps on 
titanium films with underlying C:H particles. 

 

The films were again seeded with human osteoblast-like MG-63 cells and the 

numbers of cells were counted after 1, 3 and 7 days. The morphology of the cells was 

well spread in all investigated samples, similarly as in the case of previous 

experiments (Fig. 45). 

The numbers of cells are presented in Fig. 49. The differences in the numbers 

of cells in the initial adhesion (1 day) on structured titanium surfaces of different 

roughness were non-significant. Similar situation was observed also after 3 days, 

with exception of sample with RMS roughness 55 nm that have shown higher 

number of MG63 cells. After 7 days from the seeding, however, the numbers of cells 

exhibited a global maximum slowly decaying at the high roughness end. The highest 

number of the adhering cells was observed for samples with roughness 30 nm. The 

peak number of cells was more than two times higher as compared to smooth 

titanium film. RMS roughness of 30 nm corresponds well to the surface roughness of 

bones [115]. 
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Fig. 49: Numbers of cells on the structured titanium surfaces after 1, 3 and 7 days from seeding. 

 

3.3.3 PTFE plasma polymer surfaces with underlying C:H particles 

The next step in the investigation of films with C:H particles was overcoating 

of the particles with plasma polymer cover layer. At first the samples of particles 

covered with 200 nm of titanium were prepared in the same way as described in 

chapters 3.3.1 and 3.3.2. These films were subsequently covered with 100 nm of 

sputtered polytetrafluoroethylene (PTFE). The PTFE-sputtered film was deposited in 

a separate chamber from an RF magnetron operated at power 100 W and at pressure 

of the working gas (argon) 5 Pa. The distance target-substrate was in this case 12 cm. 

The PTFE layer caused further lateral growth of the bumps on surface as can 

be observed in Fig. 50. The scheme of the sequential growth of the bumps on the 

surface is shown in the upper row of the figure, while the actual micrographs are in 

the lower row. The histograms of the size distributions of all three cases are 

presented in Fig. 51. As mentioned before the mean size of the particles was about 
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120 nm. The mean size of the bumps with 200 nm of titanium was 220 nm and with 

further 100 nm of PTFE the mean size shifted to 470 nm and the distribution of sizes 

became also very wide.  

standalone C:H particles C:H particles + 200 nm Ti 
C:H particles + 200 nm Ti + 

100 nm PTFE 

   

   
Fig. 50: Scheme and SEM/AFM micrographs of the films composed of C:H particles only, C:H particles 
covered with 200 nm of titanium and C:H particles covered with 200 nm of titanium and 100 nm of PTFE. 
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Fig. 51: Particles/bumps size distributions on the surface of films composed of C:H particles only, C:H 
particles covered with 200 nm of titanium and C:H particles covered with 200 nm of titanium and 100 nm 
of PTFE. 
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Three samples with PTFE film and three different values of roughness were 

prepared. The different roughness was achieved again by variation of the amount of 

the underlying C:H particles. One sample was prepared completely without particles 

(just PTFE film on titanium) and two different deposition times of particles which 

were upon the conclusions of chapter 3.3.2 chosen 1 and 4 min. For AFM 

micrographs of the films see Fig. 52. The values of RMS roughness obtained from 

AFM analysis were 4 nm for sample without particles and 45 nm for sample with 

particles deposited for 1 min and 92 nm for sample with particles deposited for 4 

min. These values of roughness are higher compared to films covered with only 

titanium (with same amount of the particles) as may be expected on basis of Fig. 36. 

   
Fig. 52: AFM micrographs of the films of C:H particles covered with 200 nm of titanium and 100 nm of 
PTFE. The deposition time of the underlying particles was a) no particles, b) 1 min, c) 4 min.  

 

The water contact angle was measured on these samples with results 114°, 

120° and 144° respectively to the increasing roughness. The trend is following the 

equation (14), but the magnitude of the contact angle may be improved. The 

improvement is possible by increasing roughness by further increase of the amount 

of underlying particles, but in this case also by decreasing thickness of the cover 

layer. For reaching high contact angles up to superhydrophobic state it would be best 

to remove deposition of the titanium interlayer which is not necessary for film 

stability and flattens the surface. Flattening of the surface means lower roughness 

factor, see equation (10) and therefore lower contact angle. 

When the C:H particles (deposited for 20 min) were covered with only 50 nm 

of sputtered PTFE (with no titanium or other film) the RMS roughness of the film 

was 133 nm and the water contact angle reached super-hydrophobic state with no 

hysteresis. That means that the wetting regime changed from Wenzel to Cassie-

Baxter. 
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To complement the study of the adhesion of osteoblast-like cells, the films 

shown in Fig. 52 were also tested on the adhesion of the cells. The PTFE surface as 

expected was not found very good for the adhesion of the osteoblast-like MG-63 

cells. The cells morphology was either small spheres or elongated narrow shapes 

which signalize poor interaction with the surface. The numbers of cells were counted 

again after 1, 3 and 7 days from seeding, but the differences were not significant in 

any case. The cells seemed to multiply mostly in the volume of the physiological 

medium rather than on the surfaces. The strength of the cells adhesion was also 

found to be very small. 

 

3.3.4 C:H plasma polymer surfaces with underlying C:H particles 

Aside from metal matrix described in previous chapters, the C:H particles 

may also be anchored in plasma polymer matrix. One of the possibilities is the C:H 

matrix with composition similar to the particles. The first samples were prepared by 

co-deposition of the particles and the C:H plasma polymer matrix. A film which was 

prepared in three steps: 1. deposition of the base C:H film, then 2. co-deposition of 

C:H particles and C:H film and 3. deposition of thin cover layer of C:H film is shown 

in Fig. 53.  

The deposition conditions of the particles were same as in the other 

experiments of chapter 3.3.1. The C:H matrix was deposited from a mixture of argon 

and hexane at pressure 0.15 Pa, flow rate 11.5 sccm, hexane content 11.3% and RF 

power input 30 W. 

 

Fig. 53: Cross-sectional SEM micrograph of a film composed of C:H particles in C:H matrix. 
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The composite films may be successfully deposited in this manner, but the 

co-deposition of particles and matrix requires two simultaneously operating RF 

generators. The presence of two RF sources causes ignition of parasitic discharges 

especially in the area of orifice, which may change the properties of deposited 

particles. Also the additional electric field may deflect the particles from the 

substrate. For these reasons further depositions were done only with separated 

depositions of particles and matrix. 

The C:H films are known to be hydrophobic. Even though flat films do not 

reach the water contact angles of PTFE, it is still possible to increase the contact 

angle by increasing the surface roughness. A series of samples with different 

amounts of C:H particles was prepared and the water contact angle was measured. 

The particles were deposited in the same way as before, the C:H matrix was 

deposited from a mixture of argon and hexane at pressure 2 Pa, flow rate 11.5 sccm, 

hexane content 7.4% and RF power input 40 W. 

The FTIR spectrum of the film is shown in Fig. 54. The only peaks in the 

spectra are strong stretching (below 3000 cm-1) and bending (below 1500 cm-1) peaks 

of CH2 and CH3 groups and a small peak of carbonyl C=O at 1700 cm-1. The amount 

of hydrophilic oxygen-bearing species is small compared to hydrophobic CHx groups 

which allows for the high water contact angle. 
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Fig. 54: FTIR spectrum of the C:H film prepared from a mixture of argon and hexane at pressure 2 Pa, 
flow rate 11.3 sccm, hexane content 7.4% and RF power input 40 W. 
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The smooth C:H film prepared at such conditions had water contact angle 

95°. A film of underlying C:H particles covered with 200 nm of C:H layer exhibited 

water contact angle 125°. Even higher amount of C:H particles (30 min deposition) 

caused increase of the contact angle to 140°. By addition of a thin layer of small Cu 

particles (diameter in range between 10 and 20 nm [116]) on top of the C:H particles 

and subsequent coverage by the C:H film, it was possible to increase the contact 

angle up to 158°. The combination of big and small particles creates double-

roughness surface. The big particles create high roughness and in case of 

hydrophobic surface cause the first increase of water contact angle. They also 

increase the area on which the smaller particles may be deposited. The small 

particles are further increasing the roughness factor of the film and therefore contact 

angle. Similar structures may be found in nature e.g. on leaves of some plants. 
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3.4 Sputtered nylon plasma polymer particles 

After investigation of the production of plasma polymer particles from 

gaseous precursor (hexane), the sputtering of polymer target was examined. Nylon 

6,6 was chosen as the material for sputtering for its good sputtering yield and good 

thermal conductivity and mechanical properties allowing sputtering at high power. In 

order to maximize the target area while keeping the source compact, a new semi-

hollow magnetron was designed for this purpose, see chapters 2.1.1d) and 2.1.2c) for 

details.   

The window of operation for deposition of sputtered nylon particles was 

found to be very wide and the source was capable of producing particles of wide 

range of sizes. The working gas was pure argon. The input power was varied 

between 20 and 100 W. Further increase of the power (over about 110 W) carried a 

risk of ignition of the discharge in the gas inlet tube, preventing sputtering and 

causing thermal damage to the target in a matter of seconds. The source was operated 

with 3 different orifices allowing independent control of pressure and the working 

gas flow rate. If not specified otherwise, the orifice-substrate distance was kept at 18 

cm. 

 

3.4.1 Temporal stability of the source 

Shortly after first successful depositions, it was discovered, that unlike the 

source for production of C:H particles which was temporally stable, the source based 

on the semi-hollow cathode has a transition period during which the shape, size and 

the deposition rate of the produced particles change. This period was to a degree 

dependent on the deposition conditions but in all investigated cases it was shorter 

than 5 min.  

For a comparison Fig. 55 shows SEM images of particles deposited within 10 

s after ignition of the discharge and after 5 minutes from ignition. In the first few 

seconds after ignition the particles are relatively small and spherical. With increasing 

discharge run-time the particles grow bigger and less symmetric. The more 

asymmetric shapes were observed especially at higher RF powers. 
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a)  b)  

Fig. 55: Comparison of sputtered nylon particles deposited a) immediately after ignition of the discharge; 
b) 5 min after ignition. Pressure inside the aggregation chamber was 50 Pa, flow rate 11.4 sccm, input 
power 100 W and orifice diameter 2.5 mm. Deposition times of the samples were 10 s 

 

The evolution of the particle size distributions for one set of deposition 

conditions is shown in Fig. 56. In case of these particular deposition conditions the 

size distribution is close to its final shape after two minutes of discharge on-time. 

The size distribution is constant within the statistical error after 5 minutes of 

operation. Under different deposition conditions the time necessary for stabilization 

varied, especially with lower power the longer time was necessary, but 5 minutes 

seemed to be sufficient in all cases.  

The evolution of size distribution and shape of the particles is related to the 

deposition rate of the particles. Initial stages of the deposition were investigated by 

QCM, see Fig. 57. The analysis of the initial deposition rate (in terms of accumulated 

mass) was measured for several power inputs. In the first 15 s the amount of the 

deposited particles was below resolution limits. After that the deposition rate was 

gradually stabilising and after several minutes (maximum 5 minutes) reached stable 

state.  

1 µm 
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Fig. 56: Size evolution of the particles prepared at magnetron input power 60 W, argon flow 11.4 sccm, 
pressure in the aggregation chamber 50 Pa and orifice diameter 2.5 mm. 
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Fig. 57: The QCM signal measured from the ignition of the discharge for different RF power inputs. 
Deposition conditions: argon flow 11.4 sccm, pressure in the aggregation chamber 50 Pa, pressure in the 
deposition chamber 1.75 Pa and orifice diameter 2.5 mm. 

 

Reasons for temporal dependence of the deposition rate, size and shape of the 

particles have been investigated. As the effect was observed only for particles from 

sputtering target (and not C:H particles prepared from hexane precursor) it should be 
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related to the processes on target and not e.g. adjusting concentration of the reactive 

species in the volume of aggregation chamber. One of the possible explanations for 

increase of particle formation rate would be increase of the sputtering rate caused by 

elevated temperature of the target [117]. This explanation, however, was ruled out as 

the temperature of the target was changing much slower than the observed changes in 

the deposition rate and it was quite low. After stabilization the temperature for power 

inputs from 20 to 100 W was in range from 40 to 60 °C. 

Another explanation is change in the target (and subsequently plasma) 

composition. Value of the DC negative self bias is related to the composition of the 

target’s surface. In this case the changes in the DC negative self bias correlate nicely 

with the transition period: see Fig. 58 and Fig. 57. 
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Fig. 58: Temporal evolution of the DC negative self bias. 

 

In order to investigate the plasma composition further, optical emission 

spectroscopy has been performed from the moment of discharge ignition for about 5 

minutes with measurements every 3 seconds. The peaks in the spectrum were 

assigned to chemical groups and area of selected peaks was determined. The results 

for input power 20 W are presented in Fig. 59. There are rapid changes in the OES 

spectra within the first about 15 s after ignition. The biggest change in the optical 

emission intensity comes from CN line. For lower input powers (60 W and less), it is 
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very intense just after ignition and then quickly weakening (see Fig. 60). This period 

of rapid changes correspond to the period of no or low deposition rate measured by 

QCM. It seems a likely explanation that the CN groups somehow inhibit the 

polymerization and formation of particles. 

For high input power 100 W the CN peak at first behaves as described above, 

but after some time it rises again, see Fig. 60. Higher amount of CN groups in the 

aggregation chamber may be the reason for lower deposition rate at 100 W compared 

to 60 W as will be discussed below. The CN group concentration is also a probable 

reason for behavior of DC negative self bias (Fig. 58). While at lower powers the 

bias is decreasing more or less monotonously, at 100 W it starts rising again slowly 

after about 50 s from ignition and stabilizes after about 250 s which correlates with 

the OES results in Fig. 60. Correlation between bias and CN peak intensity was 

found also at lower input powers: see Fig. 58 and Fig. 60. 
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Fig. 59: Temporal evolution of intensities of selected OES peaks in semi-hollow magnetron discharge with 
nylon 6,6 target at power 20 W. 
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Fig. 60: Temporal evolution of intensities of CN peak for different power inputs. 

 

3.4.2 Deposition rate 

The measurement time in Fig. 57 had to be limited due to high deposition rate 

that exceeded the total mass, which can be deposited on a QCM crystal before it has 

to be replaced, within tens of seconds to a few minutes. In order to measure stable 

value, the QCM was placed behind a shutter and the deposition rate was checked 

after 5 minutes from discharge ignition and later. The results of deposition rates (in 

terms of mass deposited per second) for a few selected deposition conditions are 

presented in Fig. 61. The dependence on power input was measured with orifice 

diameter 2.5 mm and aggregation chamber pressure 50 Pa. The dependence on 

pressure in the aggregation chamber was measured for three different orifice 

diameters at constant flow rate of argon 10 sccm and at power 60 W. In the case of 

biggest orifice (lowest pressure) the deposition rate was so high, that the Fig. 61a had 

to be measured with partially masked QCM crystal to be able to get enough points 

for statistics and stay in the reliable limits of the QCM capability. 
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Fig. 61: Deposition rates measured by QCM for a) changing pressure at constant flow rate 10 sccm with 
orifice diameters from left to right 3.0, 2.5 and 1.5 mm at input power 60 W and b) changing input power 
for pressure 50 Pa, flow rate 11.4 sccm and orifice diameter 2.5 mm. In case of a) the QCM was partially 
masked in order to lower the amount of particles deposited on the crystal, because of extremely high 
deposition rate which was getting outside the reliability limits of the QCM monitor. 

 

The deposition rates under some conditions were so high that the orifice-

substrate distance had to be kept at 18 cm to allow QCM measurements to be 

possible at all and the deposition times to be long enough. A few samples were, 

however, deposited at shorter distance. As an example a side-view photograph of a 

sample prepared at the distance of only 3 cm, deposited with 2.5 mm orifice at 

pressure 50 Pa and power 60 W for 20 min is shown in Fig. 62. The image is viewed 

from the side and the deposit forms a hill, which is approximately 1.3 mm high. That 

means the deposition rate in the center reaches about 1µm/s. Because the deposit was 

symmetrical, it was possible to numerically integrate the area of the deposit in the 

figure and calculate volume of the deposit which is 3.25 mm3. The deposit was also 

weighed on high precision scales that gave value 0.94 mg. This allowed the 

calculation of the density of the deposit which was 0.29 g/cm3. The value of the 

density includes the particles and the free space in between. The density of the 

particles themselves may be only estimated, because the packing coefficient (ratio 

between volume of the particles and the empty space) is unknown. The density of the 

particles themselves may therefore lie between 0.4 g/cm3 (for maximum packing 

efficiency) and 0.8 g/cm3 (for sparse arrangement). The density of the bulk nylon 6,6 

was 1.14 g/cm3. 
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Fig. 62: Side-view of the macroscopic deposit of the plasma polymer particles deposited for 20 min at the 
orifice-substrate distance 3 cm, pressure inside the aggregation chamber 50 Pa, flow rate 11.4 sccm, orifice 
diameter 2.5 mm and input power 60 W. 

 

3.4.3 Size and shape of the particles 

The deposition parameters such as input power, aggregation chamber 

pressure, flow rate or size of the orifice influence not only the deposition rate, but 

also size and shape of the particles. From now on if not specified otherwise, all 

samples of sputtered nylon particles have been prepared in the stabilized deposition 

regime after 5 minutes from the discharge ignition. 

The particles were prepared at power inputs from 20 to 100 W. Fig. 63 shows 

a comparison between particles prepared at both extreme values of power input. In 

the stabilized regime, the particles are irregular at all power inputs, but at lower 

powers they seem a little more symmetric and they are bigger. The mean sizes of the 

particles are listed in Table 5 which aside from the values in stabilized regime lists 

particle sizes in the initial regime and the ratio between both. Due to high irregularity 

of the particles in samples deposited at high power, the determination of size was 

somewhat less accurate, but the trend of the decreasing size of particles with 

increasing power input is clear. Also by comparison to Fig. 61b it seems that the ratio 

of sizes between initial and stabilized regime is smaller when the deposition rate is 

higher. Similar observation was done with the pressure and flow rate dependence, 

which will be discussed further. 
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a)  b)  

Fig. 63: SEM images of sputtered nylon particles prepared at different powers a) 20 W; b) 100 W. Both 
samples were deposited with pressure inside the aggregation chamber 50 Pa, flow rate 11.4 sccm and 
orifice diameter 2.5 mm. Deposition times of the respective samples were different in order to obtain 
images with separate particles. It was 120 s for 20W and 10 s for 100W. 

 

Table 5: Mean diameters of produced particles for various RF power inputs. The diameters are presented 
along with standard deviation of the mean for the set of particles. 

just after ignition of plasma 5 minutes after ignition of plasma  
input power 

(W) 
mean diameter 

(nm) 
input power 

(W) 
mean diameter 

(nm) 
size ratio 

20 61±8 20 110±19 1.80 
60 47±7 60 72±10 1.53 
100 41±8 100 72±10 1.76 
 

Aggregation chamber pressure and the flow rate of argon had even greater 

influence on the size of produced particles than the input power. SEM images of the 

particles prepared at two different pressures in the aggregation chamber at constant 

flow rate 10 sccm and power 60 W are shown in Fig. 64.  The particles prepared at 

higher pressure (with constant flow rate) are bigger and their surface seems 

smoother. The shape is not, however, in most cases spherical, the particles look more 

like partially popped popcorn. The mean diameters of the particles prepared at 

different pressures are listed in Table 6. The table lists particle sizes for different 

pressures at constant flow rate for two different flow rates 5 and 10 sccm with the 

variation achieved by using different orifice diameters. The particles prepared at 

highest pressure (smallest orifice) are in the stabilized regime about 4 times bigger 

(in diameter) than the particles prepared at lowest pressure.  The differences between 

particles produced at flow rates of 5 and 10 sccm are not very high. When compared 

1 µm 
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to Fig. 61a the ratio of sizes between the initial and the stabilized regime is again 

smaller when the deposition rate is higher. 

a)  b)  

Fig. 64: SEM images of sputtered nylon particles prepared 5 min after ignition of the discharge at constant 
power input 60 W, constant flow rate 10 sccm and pressure inside the aggregation chamber a) 142 Pa; b) 
29.5 Pa. Deposition time of the respective samples was different in order to obtain images with resolved 
particles: a) 60 s; b) 10 s. 

 

Table 6: Mean diameters of nylon sputtered particles for various pressures prepared at constant power 
input 60 W and two different flow rates of argon. The diameters are presented along with standard 
deviation of the mean for the set of particles. 

just after ignition of plasma 
constant flow 10 sccm 

5 minutes after ignition of plasma 
constant flow 10 sccm 

 

Pressure 
(Pa) 

mean diameter 
(nm) 

Pressure 
(Pa) 

mean diameter 
(nm) 

size ratio 

142 133±23 142 238±27 1.79 

46 50±6 46 85±11 1.70 

29.5 50±9 29.5 62±8 1.24 

 

just after ignition of plasma 
constant flow 5 sccm 

5 minutes after ignition of plasma 
constant flow 5 sccm 

 

Pressure 
(Pa) 

mean diameter 
(nm) 

Pressure 
(Pa) 

mean diameter 
(nm) 

size ratio 

85 177±18 85 267±52 1.51 

26 66±9 26 94±10 1.42 

17 52±9 17 64±13 1.23 

 

The effect of changing the flow rate at constant pressure is very similar to the 

opposite case described above. The biggest particles emerged at lowest flow rate 

(again smallest orifice) and in the stabilized regime the particles prepared at lowest 

flow rate were about 5 times bigger than for the highest flow rate, see Table 7. 

1 µm 
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Table 7: Mean diameters of nylon sputtered particles for various flow rates prepared at constant power 
input 60 W and constant pressure 50 Pa. The diameters are presented along with standard deviation of the 
mean for the set of particles. 

just after ignition of plasma 5 minutes after ignition of plasma  
flow rate 
(sccm) 

mean diameter 
(nm) 

flow rate 
(sccm) 

mean diameter 
(nm) 

size ratio 

2.6 145±25 2.6 248±38 1.71 
11.4 47±7 11.4 72±10 1.53 
19.0 43±8 19.0 48±6 1.12 

 

The size and the deposition rate of the particles are closely related to the 

orifice diameter used for the deposition. The three parameters: pressure, flow rate 

and orifice diameter are dependent on each other. It is not possible to vary them 

separately. The orifice diameter determines the relation between flow rate and 

pressure in the aggregation chamber. The ratio between the flow rate and pressure 

determines the residence time of the particles (see equation (6)) in the GAS, which 

seems to be the crucial parameter for the final size of the particles. 

The Fig. 65 shows the dependence of the mean particle diameter on the 

residence time of the particles in the aggregation chamber for the data from Table 6 

and Table 7 with residence times calculated based on the equation (6). 

The diameter of the particles grows linearly in relation to the residence time 

meaning that the mechanism is most likely the surface growth rather than the 

coagulation of smaller particles. That is in contrast to a similar work [118] using a 

planar magnetron and a mixture of argon and nitrogen to produce sputtered nylon 

particles. In [118] the particles volume grew linearly with residence time making the 

coagulation process more probable. 
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Fig. 65: Dependence of particle sizes on their residence time inside the aggregation chamber. The residence 
time was calculated using equation (6). The mean diameters from tables 2 and 3 were used. Two data series 
are presented: blue (0 min) is from the particles deposited immediately after ignition of plasma and red (5 
min) in the stable regime 5 min after ignition of the discharge. 

 

3.4.4 Chemical composition 

The chemical composition of the particles was analysed with XPS and FTIR. 

The results were similar in all investigated cases and very little dependent on the 

deposition conditions. As an example a sample prepared at power 60 W, 50 Pa in the 

aggregation chamber, flow rate 11.4 sccm and orifice diameter 2.5 mm is compared 

to bulk nylon in Fig. 66 and Fig. 67. 

According to XPS wide spectra (excluding hydrogen) the particles are 

composed of 81% of carbon, 12% oxygen and 7% nitrogen, while the bulk nylon is 

75% carbon, 12.5% oxygen and 12.5% nitrogen. In the high resolution XPS spectra 

of the C1s peak shown in Fig. 66, three peaks may be resolved: C-C and C-H bonds 

at 285.0 eV, C-N, C=N, C≡N and C-O groups at 286.5 eV and the N-C=O and C=O 

groups at 288.1 eV. While the bulk nylon contains only some of the listed chemical 

groups, the plasma polymer may contain all of them. By combination of the wide 

spectra results (especially lower amount of nitrogen) and the slightly stronger peak at 

286.5 eV compared to peak at 288.1 eV, it can be concluded that part of the oxygen 

in the particles is bound in form of C-O rather than C=O groups. 
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Fig. 66: XPS spectra of the C1s peak of Nylon 6,6 (top) and nylon-sputtered particles (bottom) deposited at 
aggregation chamber pressure 50 Pa, flow rate 11.4 sccm, orifice diameter 2.5 mm and magnetron power 
60 W. 

 

The presence of O-H or C-O-H groups is confirmed by FTIR measurement 

shown in Fig. 67. The groups are in the spectra at positions 3500 cm-1 (stretching) 

and 1280 cm-1 (bending) respectively. The FTIR spectra of the particles are missing 

one of the NH peaks at 3300 cm-1, which is replaced by O-H peak. A new peak on 

the other hand was detected at 1284 cm-1 which is most likely caused by C-O-H 

vibrations and at 1140 and 1075 cm-1 resulting from C-O or C-N groups. Compared 

to the typical spectrum of nylon-based plasma polymer (e.g. [118–121]), the 

spectrum of the particles is still very good resolved with still separate peaks of C=O 

and N-H groups. The spectra of a typical nylon-based plasma polymer or even the 

nylon-based particles prepared with planar magnetron [118] show much less of the 

original structure and the peaks are much more overlapped. 

This means that the use of semi-hollow cathode allows sputtering of longer 

chains of the polymer which then rearrange into structure more resembling the 

original polymer than it would be with shorter chains. The chains, however, are not 

evaporated because no thermal damage was observed on the nylon target even after 

hours or tens of hours of the operation time. In comparison to [118] the source based 

on hollow cathode does not require nitrogen in the working gas to produce particles, 

which probably also helps to preserve the structure of the original molecules. 
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Fig. 67: FTIR spectra of nylon 6,6 (top) and nylon-sputtered particles (bottom) deposited at aggregation 
chamber pressure 50 Pa, flow rate 11.4 sccm, orifice diameter 2.5 mm and magnetron power 60 W. 

 

3.4.5 Sputtered-nylon plasma polymer particles covered with sputtered 

nylon film 

The nylon-based particles described above have been used in composite films 

and covered by plasma polymer from sputtered nylon. The particles were deposited 

at aggregation chamber pressure 50 Pa, orifice diameter 2.5 mm, argon flow rate 11.4 

sccm and input power 20 and 60 W. The particles were prepared in the non-stabilized 

regime just after ignition of the discharge where the shape of the particles was more 

regular. As shown before, the important parameters for the films of particles with 

cover-layer is the size and amount of the particles and the properties of the cover-

layer. The same is true for the films with nylon-based particles covered with a layer 

of sputtered nylon.  

Fig. 68 shows the nylon based particles (mean diameter 47 nm) covered with 

50 nm of sputtered nylon (pressure of argon 5 Pa, input power 60 W). The amount of 

particles was regulated by deposition time. The RMS roughness which was 

calculated from the AFM micrographs shown in Fig. 68 was as expected increasing 

with the increasing amount of the particles. The values of the RMS roughness along 

with the water contact angles of the respective samples are presented in Table 8. It is 

possible to vary the surface roughness in the range of at least 1 to 83 nm even with 



91 
 

relatively small particles compared to the possibilities (range of sizes of produced 

particles) of the particle source described above. 

a)  b)  c)  

Fig. 68: Nylon-based plasma polymer particles covered with 50 nm of sputtered nylon film. The particles 
were deposited for a) 15 s, b) 30 s, c) 60 s. Deposition conditions of the particles: orifice diameter 2.5 mm, 
aggregation chamber pressure 50 Pa, flow rate of argon 11.4 sccm and input power 60 W. Deposition 
conditions of the cover film:  pressure 5 Pa and input power 60 W. 

 

The water contact angle of the films is decreasing with increasing roughness, 

because the sputtered nylon cover-layer is hydrophilic. The hydrophilicity of the 

smooth film, however, is not good enough for the films to reach super-hydrophilic 

state even with the high surface roughness. The chemical composition of the cover-

layer was determined by XPS and the wide spectra revealed 90% of carbon and only 

7% of oxygen and 3% of nitrogen. In order to increase the wettability of the films the 

amount of hydrophilic groups would have to be increased. 

 

Table 8: The RMS roughness, roughness factor and water contact angle of the samples presented in Fig. 68 
supplemented with the values of a flat sputtered nylon film deposited at the same conditions without 
underlying particles. 

 RMS roughness  
(nm) 

roughness factor 
Water contact angle 

(°) 
No particles 1 1 43 
15 s deposition 15 1.08 43 
30 s deposition 30 1.26 35 
60 s deposition 83 1.79 11 

 

The influence of the thickness of the cover-layer on the size of bumps on the 

sample surface has been found to be similar as in the previous case combining 

titanium and PTFE cover-films. The SEM micrographs of the standalone sputtered-

nylon particles and the particles covered with 50 and 100 nm of the sputtered nylon 

film are shown in Fig. 69. The histogram of the particle/bump sizes is presented in 

Fig. 70. The mean diameter of the original particles was 47 nm. The mean diameter 
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of the bumps was 92 nm on film with 50 nm cover-layer and 121 nm using the 100 

nm thick cover-layer. 

 

a)  b)  c)  

Fig. 69: SEM micrographs of the a) standalone sputtered nylon particles, b) sputtered nylon particles 
covered with 50 nm of sputtered nylon film, c) sputtered nylon particles covered with 100 nm of sputtered 
nylon film. Deposition conditions of the particles: orifice diameter 2.5 mm, aggregation chamber pressure 
50 Pa, flow rate of argon 11.4 sccm and input power 60 W. Deposition conditions of the cover film:  
pressure 5 Pa and input power 60 W. 
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Fig. 70: Particle/bump size distributions of the samples presented in Fig. 69. 

 

The final size of the bumps seems to be more influenced by the thickness of 

the cover-layer than the size of the underlying particles. When two different sizes of 

particles were used: 47 and 61 nm the resulting bumps after covering with 50 nm 

thick sputtered nylon film were 92 and 98 nm in diameter. The difference and the 

size ratio decreased after coating of the particles.   

500 nm 
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3.5 Transport and aerodynamic focusing of plasma polymer 

particles 

The transport behaviour of the plasma polymer particles in general is quite 

different from the transport properties of metal/metal oxide particles. The metal 

particles leave the particle source usually in a narrow slightly divergent beam. 

Furthermore for metal particles an increase of the pressure in the deposition chamber, 

i.e. between the orifice and the substrate causes scattering of the particles and 

reduction of the deposition rate. Detailed measurement of the dependency of the 

deposition rate on the pressure in the deposition chamber for different pressures in 

the aggregation chamber for copper particles has been done in [122]. For the copper 

particles the increase of pressure in the deposition chamber had negligible effect until 

the pressure reached about 1 Pa. Further increase caused significant decrease of the 

deposition rate until the deposition rate dropped to zero. 

Different behaviour of the plasma polymer particles was first observed in the 

case of C:H plasma polymer particles. Fig. 71 shows a series of samples of C:H 

plasma polymer particles deposited at different orifice-substrate distances. The 

samples have been deposited on glass slides 26 mm wide. As may be seen, the width 

of the deposit spot is quite large, spreading over the whole substrate even on sample 

in distance only 5 mm from the orifice. It is much larger than it would be for metal 

particles. Also, an area with lower concentration of the particles forms on the 

substrate in a place directly opposite to the orifice starting from the orifice-substrate 

distance of about 2 cm.  

 

Fig. 71: Photograph of the samples of C:H plasma polymer particles (described in chapter 3.2) deposited at 
6 different orifice-substrate distances. The distances were from left to right: 0.5, 1, 2, 3, 4, 6 cm. The 
deposition conditions were: input power 40 W, total pressure of a mixture of argon and hexane 160 Pa, 
hexane content 11.3% and orifice diameter 1.5 mm. The pressure in the deposition chamber was 0.15 Pa. 
The photograph was taken against black background for better contrast. 

 

Under the mostly used deposition conditions: input power 40 W, total 

pressure of the mixture of argon and hexane in the aggregation chamber 160 Pa, 
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hexane content 7.4 or 11.3%, orifice-substrate distance 45 mm and deposition 

chamber pressure 0.15 Pa there was an area of fairly homogeneous deposit about 10 

mm around the empty spot shown in Fig. 71. The deposition rate which is presented 

in Table 9 is decreasing exponentially with the orifice-substrate distance, much faster 

than would be expected for a conical particle beam observed for metal particles. 

Because the deposition rate was measured directly opposite the orifice, the effect is 

partly caused by the formation of the central region with low concentration of 

particles (which lies in the centre of the QCM crystal and may cover significant 

portion of its area), partly by much wider beam than for metal particles meaning the 

areal density of the deposit decreasing faster with distance from the orifice. 

 

Table 9: Deposition rates of C:H plasma polymer particles in dependence on the orifice-substrate distance. 
The aggregation chamber pressure was 160 Pa, power 40 W, hexane ratio 11.3% and the QCM probe 
diameter was 12 mm 

Distance 

(cm) 

Deposition rate 

(Hz/min) 

0,5 499 

1 179 

2 25 

3 18 

 

Deposition rate of the plasma polymer particles depends in much more 

complex way on the pressure in the deposition chamber than it was observed for 

metal particles. When the pressure in the deposition chamber increases, the 

deposition rate of the plasma polymer particles increases at first too (in some cases 

quite rapidly), reaches a maximum and then decays. The shape of the deposit spot is 

also changing significantly. In case of C:H plasma polymer particles from hexane 

precursor (see Fig. 72), the deposit spot (the white area) is simply broadening. The 

empty area in the centre of the deposit is not influenced by the changes in the 

deposition chamber pressure, but from about 4 Pa above a structure (two rings with 

four dots) appears around the centre. This structure which is getting clearer with 

increasing pressure in the deposition chamber was identified as an image of the target 

(a circle with elevated edge fastened with four screws). Further investigation 

including lowering the symmetry of the target with a metal comb fastened between 
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the edge and centre of the target (the discharge is more intense on metal than on 

polymer causing contrast in the deposit) revealed, that the particles move inside the 

source without mixing and are projected inversely around the axis of the source as a 

result of passing through orifice which acts as a lens or more precisely a camera 

obscura. The image also gets distorted in a way that the objects closer to the centre 

appear bigger. 

Also there are lines of thicker deposit around the edges of the substrates 

which also appear with increasing pressure in the deposition chamber. These lines 

are clearly related to the gas stream colliding with the substrate and flowing around. 

The particles which are unable to change direction with the flow of the gas are 

deposited on the edges. This effect disappeared when a bigger substrate was used. 

 

 
Fig. 72: Photograph of samples of C:H plasma polymer particles deposited on glass substrates prepared 
with source 1 (chapter 2.1.2a) at series of pressures inside the deposition chamber (the pressure in pascals 
is noted under each sample). The deposition parameters inside the source were: the input RF power 40 W, 
working gas mixture of argon and hexane with total pressure 160 Pa, hexane content 7.4%, orifice 
diameter 1.5 mm, orifice length 3.0 mm, aggregation length 110 mm. 

 

The experiment presented in Fig. 72 has been repeated with one difference. 

The magnetic circuit was removed from the electrode. The magnetic field was 

removed in hope, that the discharge will be more homogeneous on the electrode and 

will provide more homogeneous deposit. The films deposited under otherwise same 

conditions as in previous case are shown in Fig. 73. Even though the marks of the 

screws disappeared, the deposit was found to be even less homogeneous and the 

empty area in the center did not disappear. Also the deposition rate at very low 

deposition chamber pressure decreased to almost zero and the particles reappeared 

only with increase of pressure in the deposition chamber, but with a ring of strong 

deposit probably representing the edge of the electrode. 
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As may be seen in Fig. 74, the maximum of the deposition rate shifted to 

lower hexane concentrations as a result of removing the magnetic field. The deposit 

is also more homogeneous at lower hexane concentrations, but the results with 

magnetic field are still better. 

 

Fig. 73: Photograph of samples of C:H plasma polymer particles deposited on glass substrates prepared 
with source 1 (chapter 2.1.2a) at series of pressures inside the deposition chamber (the pressure in pascals 
is noted under each sample). The deposition parameters inside the source were same as in Fig. 72, except 
the magnetic circuit from the electrode was removed. 

 

 

Fig. 74: Photograph of samples of C:H plasma polymer particles deposited on glass substrates prepared 
with source 1 (chapter 2.1.2a) with different hexane content in the working gas (the hexane content in 
percents is noted under each sample). The deposition parameters inside the source were: the input RF 
power 40 W, working gas mixture of argon and hexane with total pressure 160 Pa, orifice diameter 1.5 
mm, orifice length 3.0 mm, aggregation length 112 mm, Deposition chamber pressure was 4.5 Pa and the 
magnetic circuit from the electrode was removed. 

 

The increased pressure in the deposition chamber had similar effect on the 

sputtered nylon particles produced in particle source based on semi-hollow 

magnetron. There was, however, also a number of differences which are likely 

related to the fact that the material originated from the sputtering target and not from 

the gas phase.  

The particles were deposited into a circular spot without the sharp empty area 

in the centre of the deposit. Also no or very little particles were deposited under low 

pressures in the deposition chamber. The photographs of samples deposited using 
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different orifice diameters at constant pressure 50 Pa in the aggregation chamber 

producing particles of different sizes are shown in Fig. 75. The biggest particles 

prepared with smallest orifice (see Table 7), deposits of which are shown in Fig. 75a, 

require highest pressure in the deposition chamber to be focused into a spot. The 

smaller the particles are the lower deposition chamber pressure is required. There is 

also an upper limit for the pressure in the deposition chamber still allowing 

deposition on the substrate. This upper limit is also shifting to smaller values for 

smaller particles.  

The shape of the deposit is changing with changing pressure in the deposition 

chamber in a way indicated in Fig. 75d. Close to the lower limit the deposit has a 

shape of a hill which is highest in the centre. With increasing deposition chamber 

pressure the centre area is flattening and a crater shape emerges, eventually fading at 

the upper pressure limit. 
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a)  

d)

 

b)  

c)  
Fig. 75: Photographs of the deposits prepared on glass substrates at varying pressure in the deposition 
chamber for orifice diameter a) 1.5 mm, b) 2.5 mm, c) 3.0 mm. The pressure in the deposition chamber is 
shown on the bottom of each glass slide (in units of Pa). The profile of the deposit is changing with the 
pressure in the deposition chamber as shown in d). The pressure in the aggregation chamber was in all 
cases 50 Pa, input power was 60 W. 

 

The deposition rate of the sputtered nylon particles was also measured with 

QCM in the centre of the deposit. The results of the measurement are presented in 

Fig. 76. In order to measure the dependence of deposition rate on the deposition 

chamber pressure, the QCM readout and pressure gauge readout were connected to a 

computer and a program was written allowing synchronisation of reading of both 

values. Several values were taken for each point and were averaged in range of 0.1 

Pa. 
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Fig. 76: Dependence of the deposition rate of sputtered nylon particles measured by QCM on the pressure 
inside the deposition chamber. The deposition conditions inside the source were: pressure in the 
aggregation chamber 50 Pa, input power 60 W, orifice diameter a) 1.5 mm, b) 2.5 mm, c) 3.0 mm and the 
corresponding flow rates a) 2.6 sccm, b) 11.4 sccm, c) 19.0 sccm. 

 

The results of Fig. 76 confirm the previous visual observation. The deposition 

rate is very small at low deposition chamber pressures. The increase of pressure 

produces a maximum in the deposition rate which is fading to zero with further 

increase of pressure. The position of the deposition rate maximum on the pressure 
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scale is dependent on the size of the particles. The bigger are the particles (produced 

with smaller orifice) the higher is the pressure of the maximum deposition rate. 

The effect which has been described here was in some form observed for all 

plasma polymer particles including those in [118]. It is believed to be related to the 

low density of plasma polymer compared to metal/metal oxide. The density of the 

sputtered nylon particles prepared with semi-hollow cathode magnetron was 

estimated between 0.4 and 0.8 g/cm3, which is almost and order of magnitude less 

than for most metal particles. The plasma polymer particles are then more prone to 

be deflected from their direction by the expanding gas after they leave the orifice. 

This would explain the dependence of deposition rate on the orifice-substrate 

distance and also the lack of deposit at low deposition chamber pressures for 

sputtered nylon particles. A possible explanation of the beneficial influence of 

increased deposition chamber pressure may be effective elongation of the orifice. 

The force from the buffer gas acting on the particles is proportional to the relative 

drag velocity of the gas and the particles and to the density of the gas.  

In order to understand the gas flow conditions better, the carrier gas flow field 

was simulated in the area near the orifice (both inside the aggregation chamber and 

in the deposition chamber between orifice and substrate) using 2D (cylindrical 

symmetry) direct simulation Monte Carlo DS2V code [123]. 

 The original 1D model of dragging of the nanoparticles by the flow of the 

carrier gas was expanded to 2D situation. According to gas flow calculation the 

shape of the gas flow itself does not change very much with pressure in the 

deposition chamber. At low pressure, there are not enough gas molecules behind the 

orifice to influence particle direction. At increased pressure in the deposition 

chamber the particles may be dragged by the gas in the direction of substrate, 

however, at the same time the stalled gas flow near the substrate at higher pressures 

can also influence the particles and effectively "spread" the particle deposit spot., see 

Fig. 77. 
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a) b)

 

Fig. 77: Numerical model of number density of the gas and the streamlines in the end of the aggregation 
chamber, in the orifice and in the deposition chamber. The substrate (white rectangle) is placed 3 cm 
behind the orifice. The pressure in the deposition chamber is a) 1 Pa, b) 10 Pa.  
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3.6 Glancing angle deposition 

Beside the use of particles, deposition at glancing angle is another way to 

prepare structured surfaces. Results of this chapter follow the experiments described 

in [67]. The chapter is divided into two sections. One is dealing with titanium and 

composite titanium/C:H plasma polymer films, the other discusses the possibilities of 

using particles as seeds for columnar growth.  

All columnar films were deposited using magnetron described in chapter 

2.1.1c). If not specified otherwise, the target-substrate distance was in all cases 8 cm, 

the DC magnetron current 0.45 A. All depositions were done with pressure 0.15 Pa 

or less. 

 

3.6.1 Glancing angle deposition on smooth silicone substrates 

The structure of the columnar titanium films and columnar titanium/C:H 

plasma polymer composites studied in detail in [67] was further investigated by 

TEM. The preparation of the sample cuts for TEM was done the same way as 

described in [124]. The samples were deposited from titanium target sputtered either 

in argon or in a mixture of argon and hexane. Fig. 78 shows cross-sectional TEM 

micrographs of films deposited in pure argon and in a mixture of 95% of argon and 

5% of hexane. Both films were prepared at pressure 0.15 Pa, DC magnetron current 

0.30 A, target-substrate distance 8 cm and deposition angle 75°.  

 

Fig. 78: TEM micrographs of titanium (left) and Ti/C:H  (right) columnar structures deposited in GLAD 
arrangement on smooth silicone substrates under angle of incidence 75°. 
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The XPS chemical analysis of films prepared at nearly identical conditions 

has been done in [67]. It has shown that the films prepared in argon only are mostly 

titanium or titanium oxide with some contamination with hydrocarbons which is very 

close to spectra shown in Fig. 38. The film prepared in a mixture containing 5% of 

hexane on the other hand consisted mostly from C:H plasma polymer with only a 

few percent of titanium. 

The film deposited in argon appears to be composed of columns tilted about 

45° relative to the substrate normal. The lateral dimension of the columns appears to 

be between 10 and 50 nm. The sample was subjected to electron diffraction analysis 

showing that it is composed of nanocrystals. 

The film deposited in a mixture of argon and hexane is composed of columns 

with tilt about 40° relative to the substrate normal. The titanium seems to form no 

agglomerates of metal in the plasma polymer matrix it is rather more or less 

homogeneously distributed in the plasma polymer. This is concurred by electron 

diffraction analysis showing that the film is amorphous. 

The titanium columns were deposited on glass substrates (insulating) and the 

electric resistance was measured depending on the deposition angle, film thickness 

and position of the electrodes. The substrates were first covered with thin cellulose 

acetate film (prepared from solution of powder cellulose acetate and acetone and in 

liquid state spread onto the glass slide). After the cellulose acetate solidified a circle 

of 16 mm in diameter was removed. Substrates prepared in this way were used for 

GLAD. After depositions the rest of the cellulose acetate film was removed leaving a 

circle of titanium deposit. The circular shape was chosen in order to avoid using 

correction functions in electric measurements. The cellulose acetate film was used as 

a mask because it adheres to the substrate, is easily removable and can be prepared in 

sufficiently thin film that does not produce shadow in glancing angle depositions. 

A set of 16 electrodes was placed around the edge of the deposit. The 

electrodes were spread equidistantly around the edge, spaced by 22.5°. They were 

divided into four groups by four electrodes with the electrodes within one group 

spaced by 90°. All electrodes in a group were gradually used as voltage and current 

electrodes and all four groups were used resulting into 16 values of resistivity for 

each sample, see Fig. 79a. 
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The titanium was deposited with magnetron described in section 2.1.1c) from 

a titanium target. It was sputtered in argon at pressure 0.10 Pa in a DC regime with 

magnetron current 0.30 A. The distance between target and substrate was 8 cm. The 

deposition angle was varied between 40 and 85°. The samples for measurement of 

the dependence of resistivity on the deposition angle were prepared about 275 nm 

thick. In addition, films deposited under angles 80 and 85 degrees were prepared 

with thicknesses ranging from 100 to 400 nm, but no dependence of resistivity on the 

film thickness was observed. As shown in Fig. 79b, the resistivity is increasing 

exponentially with the increasing deposition angle, because the growing columns are 

more separated at higher deposition angles making the occurrence of conducting 

connection less dense. The resistivity was measured shortly (within 2 hours) after 

deposition. 

 

a)

 

b)

40 50 60 70 80 90
0

1

2

3

4

5

6

7

R
es

is
tiv

ity
 (

10
-3
 Ω

.c
m

)

Deposition angle (°)

 
Fig. 79: a) Dependence of the electrical resistivity of the titanium films deposited in GLAD arrangement on 
the angle of incidence; b) Scheme of the substrate glass slide with circular sample and electrodes. 
Electrodes from each of the four groups are in the same color. 

 

The 16 values obtained from the electrodes were averaged in Fig. 79b. The 

samples, however, are anisotropic (the columns are slanted towards the source of 

incoming material, i.e. the magnetron). This anisotropy manifests itself in the electric 

measurements. The films show different resistivity in different directions as may be 

seen in Fig. 80a presenting measurement on a sample deposited under angle of 

incidence 85°. The resistivity in this case was measured using 2-point method in 
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order to capture the anisotropy. The resistance seem to be similar in the directions 

along and perpendicular to the direction of column slant. The biggest difference was 

observed under angle of 45° respective to the direction of slant, see Fig. 80b. The 

differences in the resistivity were, however, quite small in range of few percent.  

The resistivity was increasing with aging time which is a result of continuing 

oxidation of the titanium columns on the open atmosphere. The increase of the 

resistance does not seem to be stopping within the scope of a few days indicating that 

the oxidation is still in progress. A long oxidation times are likely related to the 

highly structured morphology of the films which makes the access of the oxygen to 

the inside of the film possible but difficult. 
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Fig. 80: a) Dependence of electrical resistivity on the rotation of the anisotropic samples of titanium film 
prepared in the GLAD arrangement under incidence angle 85°. The resistivity is increasing with time. b) 
Scheme of positions of the electrodes – electrodes for one direction are in the same colour. Red electrodes 
are parallel with the direction of columnar growth, green are perpendicular and blue are positioned at 45°. 

 

Besides titanium, silver was also deposited in GLAD arrangement. Silver has 

two important properties in contrast to titanium. Its sputtering rate is much higher, 

one of the highest among metals [10] and it does not form columns readily. Top and 

cross-sectional views of the silver films deposited in GLAD arrangement under 

angles from 0 to 85° are shown in Fig. 81 and Fig. 82 respectively. The films were 

deposited with argon pressure 0.12 Pa, magnetron current 0.45 A, magnetron-

substrate distance 8 cm and variable deposition time to obtain films 300 nm thick. 
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a b c d e f 

      
Fig. 81: Top-view SEM micrographs of silver films deposited in GLAD arrangement on smooth silicon 
substrates under angle: a) 0°, b) 60°, c) 70°, d) 75°, e) 80°, f) 85°. 

 

a  b  

c d
Fig. 82: Cross-sectional SEM micrographs of silver films prepared in GLAD arrangement deposited at 
incidence angle a) 60°, b) 70°, c) 75°, d) 80°. 

 

The structure of the surface of films deposited at different angles is evolving 

with increasing deposition angle, but the columns themselves are not clearly 

discernible below the deposition angle of 75°. The surface roughness obtained from 

AFM micrographs of the same samples as presented in Fig. 81 is as expected 

increasing exponentially with the angle of incidence, see Fig. 83. Unlike titanium, 

however, the columns seem to be melded together until the deposition angle is so 

high that they get separated by voids. This property will be used in the next part. 

1 µm 

1 µm 
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Fig. 83: Dependence of the RMS roughness on the angle of deposition of the silver films deposited in GLAD 
arrangement on smooth silicone substrates. 

 

3.6.2 Glancing angle deposition on a substrate covered with particles 

The poor column formation properties of silver have been utilized in the 

experiments with particles acting as the seeds of growing columns. The idea is to 

deposit the silver over pre-deposited particles at deposition angle, which is just below 

the angle where the columns begin to separate and observe if the particles help to 

produce more columnar structures.  

Two types of particles were used as the seeds. They were the big C:H plasma 

polymer particles with mean diameter 120 nm and small copper particles with sizes 

between 10 and 50 nm. 

The effects of use of big C:H particles are shown in Fig. 84. The figure shows 

two different densities of particles on the surface. There are top and cross-sectional 

views of the columnar deposits prepared at angle of incidence 70° and micrographs 

of the particles, which were for convenience of measurement covered with 150 nm of 

smooth silver film.  
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a  b  

c  d  

e  f  
Fig. 84: Silver films using C:H plasma polymer particles as seeds for columnar growth: a,b) particles fixed 
with thin silver film, c,d) top-view of the silver columnar films, e,f) cross-sectional images of the columnar 
films. Films on the left (a, c, e) use lower amount of C:H particles (deposited for 2 minutes), films on the 
right (b, d, f) use higher amount of C:H particles (deposited for 5 minutes). 

 

The effect of deposition at glancing angle over big particles is clear. A 

widening conical column grows from each particle, topped with pointed cap. Each 

column growing from a particle has an internal structure. The areas in between 

particles are covered with structure identical to the case of deposition on silicone 

substrate only. The columns growing from particles are well separated and their 

angle (measured from substrate normal) is approximately 50°, which is close to value 

51° predicted by equation (4) for deposition angle 70°.  

Different situation occurs when smaller particles are used. Copper 

nanoparticles with diameters in range between approximately 10 and 50 nm have 

been deposited in different amounts on silicone substrate and also used as seeds for 

glancing angle deposition under angle 70°. The SEM images of the stand-alone 

particles, cross-sectional SEM images of the silver columns growing on silicon 

substrate and the copper particles and AFM micrographs of their surfaces are 

presented in Fig. 85. 

1 µm 
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The silver columns are slightly better developed when deposited over small 

particles compared to deposition on smooth silicone. More distinctive, however, is 

the surface topography. With more particles on the substrate, there are also more of 

the bigger particles and as a result the columns are also growing wider. 

 

   

   

   
Fig. 85: Silver films deposited on a smooth silicone and over small copper particles (10 to 50 nm). Top row: 
micrographs of the stand-alone particles, middle row: cross-sectional SEM images, bottom tow: AFM 
topography. Left column: no copper particles, middle column: low amount of underlying copper particles 
(deposited for 30 s), right column: high amount of copper particles (deposited for 150 s). 

 

The C:H particles were used as seeds also for growing of titanium columns, 

see Fig. 86. Titanium is known to form the columns easier than silver, which may be 

seen in Fig. 86c,d where the titanium columns grow directly on silicone substrate and 

are nicely separated. There are several reasons for titanium to form the columns 

easier than silver, see Fig. 10. Titanium has higher melting point and considerably 

lower surface diffusion than silver.  

 The columns growing from C:H particles are adapting to the diameter of the 

particles. The columns growing from the particles have some internal structure 

similar to silver columns, they are, however, compact and only one column is 

observed on each particle. Because of the better column forming properties of 

titanium it was expected that there might be more than one column on each particle. 

1 µm 
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It is possible that the particles are still too small for that and also that the round shape 

of the particle prevents from development of isolated columns. 

a b

c d

e f
Fig. 86: Titanium films using C:H plasma polymer particles as seeds for columnar growth: a,b) cross-
sectional image of particles fixed with thin titanium film, c,d) titanium films grown directly on smooth 
silicone substrate, e,f) titanium films deposited over C:H plasma polymer particles. Films in the left column 
(a, c, e) were deposited under angle 75°, films in the right column (b, d, f) were deposited under angle 80°. 

 

The columnar films deposited over small particles (titanium particles, size 

close to copper particles used as seeds for silver) have shown very little difference 

from films deposited directly on the smooth silicone substrate, see Fig. 87. 

 

a)   b)   c)  

Fig. 87: Cross-sectional SEM images (View field 1 μm) of columnar titanium films deposited in GLAD 
arrangement under 75° deposited on a) smooth silicone, b) low amount of titanium particles on silicone 
substrate, c) higher amount of titanium particles. 

  

1 µm 
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4 Conclusions 

This thesis is devoted to preparation and investigation of properties of 

nanostructured thin films. Production of these films has been achieved by deposition 

of various particles and columnar structures in GLAD arrangement and their 

combination with deposition of smooth films.  

The particles were produced from wide range of materials. Investigations 

started with metal particles in order to study the properties of the used particle 

sources. Silver, copper and aluminium particles have been successfully deposited. 

Depositions from both silver and copper (representing low reactivity metals) 

exhibited wide window of deposition parameters leading to production of particles. 

In case of aluminium the window was narrower, but it widened with presence of 

small amounts of oxygen. 

Major part of this thesis is devoted to study of formation of plasma polymer 

particles in GAS and their use in composite films. Plasma polymer particles have 

been prepared in two ways: from gaseous precursor (hexane) and from sputtering 

target (nylon 6,6). Both ways proved to be successful, producing particles of tuneable 

size (80 to 140 nm in diameter for C:H particles from hexane and 40 to 270 nm for 

particles from sputtered nylon).   

The C:H plasma polymer particles prepared from hexane were covered with 

titanium film. Such films were used for investigation of influence of surface 

roughness on the adhesion of human osteoblast-like MG-63 cells. It was found out 

that RMS roughness in range between 1 and 100 nm has positive effect on adhesion 

and growth of the MG-63 cells. Optimum RMS roughness was found to be near 30 

nm. 

The plasma polymer particles from sputtered nylon have been successfully 

prepared using a new semi-hollow magnetron at wide range of sizes. The source 

based on the semi-hollow magnetron was found to be capable of extremely high 

deposition rates: up to 1 μm/s.  

Unlike the deposition of C:H particles, which was temporally stable, the 

sputtered nylon particles exhibited size and shape evolution during first 5 minutes 
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after the ignition of the discharge. This seems to be caused by the surface 

contamination (mostly CN groups) of the target during the discharge-off. 

The transport of the plasma polymer particles was found to be much more 

complicated than the transport of metal particles due to their lower mass density. In 

order to obtain deposit on a substrate, the particles needed to be aerodynamically 

focused by increased pressure in the deposition chamber. 

Columnar thin films from silver, titanium and titanium/plasma polymer 

composite deposited in GLAD arrangement have been studied. Electric resistivity 

and surface roughness were found to be exponentially proportional to the angle of 

incidence of incoming material.  

Titanium and silver was deposited in GLAD arrangement over big C:H 

plasma polymer particles and small titanium and copper particles. In case of big 

particles (bigger than the intrinsic column diameter) wide columns growing from the 

particles were deposited. Smaller particles had much smaller effect and columns 

looked similar to the case with no underlying particles. 
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