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Objectives of the Doctoral Thesis

In general, this study is focused on description of the deposition process leading to 

the preparation of nanocomposite materials (thin films) with metal (metal oxides) 

incorporated into a plasma polymer matrix. Further, it aims at characterization of the

nanocomposites by various techniques in order to determine their properties as a 

function of deposition conditions. The main focus was decided to be an Al/AlxOy. 

The aims of the thesis can be summarized as follows:

 Study of deposition process of nanocomposite metal/plasma polymer films 

especially using Al as a metal.

 Extensive characterization of the deposited films, determination of their 

structure, morphology, composition and optical properties by means of AFM, 

SEM, TEM, XPS, UV-Vis, FTIR and Ellipsometry.

 Test of the stability of the resultant nanocomposite films under ambient 

conditions.

On the basis of the results obtained on conventional magnetron sputtering of Al/CH 

nanocomposites during the first two years of the experimental work, the scope of the 

thesis was over time extended to:

 Preparation and characterization of metal nanoclusters using a gas 

aggregation cluster source.

 Study of the role of oxygen on metal cluster formation.

 Deposition of nanocomposite thin films with Al (Al oxide) nanoparticles

embedded into the plasma polymer matrix and study of their properties.



vii

Contents

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

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

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

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

1.1 Plasma polymerization processes and plasma polymers ........................ 1

1.2 Magnetron sputtering............................................................................ 7

1.3 Metal cluster formation........................................................................11

1.4 Nanocomposite thin films ....................................................................14

2 Experimental................................................................................................18

2.1 Vacuum deposition systems.................................................................18

2.1.1 Planar magnetron.............................................................................18

2.1.2 Gas aggregation cluster source.........................................................20

2.1.3 Deposition of nanocomposite thin films ...........................................22

a) A reactor for preparation of Al/C:H nanocomposite thin films by DC 

magnetron sputtering of aluminium in argon/n-hexane gas mixture .............22

b) Deposition of nanocomposite thin films Al(oxide)/hydrocarbon plasma 

polymer by simultaneous closed-field magnetron co-sputtering ...................24

c) A co-deposition system for preparation of nanocomposites with clusters 

embedded into hydrocarbon plasma polymer matrix ....................................26

2.2 Characterisation of deposition process and thin films...........................28

2.2.1 Quartz Crystal Microbalance (QCM) ...............................................28

2.2.2 Optical Emission Spectroscopy (OES) .............................................29

2.2.3 Mass spectroscopy...........................................................................29

2.2.4 Atomic Force Microscopy (AFM)....................................................30

2.2.5 X-ray Photoelectron Spectroscopy (XPS).........................................34

2.2.6 Fourier Transform Infra-Red Spectroscopy (FTIR) ..........................35

2.2.7 Ellipsometry ....................................................................................37

2.2.8 Ultraviolet-Visible Spectroscopy (UV–Vis) .....................................38

2.2.9 Scanning Electron Microscopy (SEM) .............................................39



viii

2.2.10 Transmission Electron Microscopy (TEM)...................................41

3 Results and Discussion.................................................................................42

3.1 Preparation of Al/C:H nanocomposite thin films by DC magnetron 

sputtering of aluminium in argon/n-hexane gas mixture .................................42

3.1.1 Monitoring of the Al/C:H deposition process by OES ......................42

3.1.2 Degradation of deposited nanocomposite thin films stored in the 

ambient air and UV-Vis measurements........................................................44

3.1.3 Chemical structure examined by FTIR and XPS ..............................46

3.2 Nanocomposite thin films Al(AlxOy)/hydrocarbon plasma polymer 

deposited by simultaneous closed-field magnetron co-sputtering....................51

3.3 Preparation of metal/metal oxide nanoclusters by the gas aggregation 

cluster source.................................................................................................55

3.3.1 Preparation and characterization of Ag nanoclusters ........................55

a) Determination of the cluster charge .........................................................57

b) Determination of the cluster velocity.......................................................62

3.3.2 Deposition of Al/AlxOy nanoclusters and their characterization........65

3.3.3 Oxygen influence on the formation and deposition of metal 

nanoclusters deposited by the gas aggregation cluster source.......................69

a) The role of oxygen during Al clusters formation and deposition ..............69

b) Ti nanoclusters prepared with oxygen admixture.....................................72

3.4 Nanocomposite thin films with Al(AlxOy) clusters embedded into 

hydrocarbon plasma polymer matrix ..............................................................76

3.4.1 Nanocomposites with variable polymer matrix and the same cluster 

size. ........................................................................................................78

3.4.2 Nanocomposites with constant polymer matrix thickness and cluster 

inclusions of different sizes. ........................................................................86

Conclusions ...........................................................................................................93

Bibliography..........................................................................................................95

List of Tables.......................................................................................................103

List of Abbreviations ..........................................................................................104

Author’s contribution .........................................................................................105

List of Publications .............................................................................................106



1

1 Introduction

1.1 Plasma polymerization processes and plasma polymers

For the first time the information of what is now called a plasma polymer appeared in 

the second half of the 19th century [1]. At first these so called “carbonaceous” 

coatings were considered as undesirable by-products. Increased attention has been

paid to plasma polymers since the second half of the 20th century. This was 

stimulated mainly due to proposal of the promising application of plasma polymers 

as dielectric thin films [2,3].

Plasma polymerization process occurs usually at low pressure and low temperature in 

a plasma volume formed by a glow discharge excited in an atmosphere of organic 

monomer vapours. Plasma may be defined as a gaseous state consisting of atoms, 

molecules, ions, and excited states of these, and electrons, such that the concentration 

of positively and negatively charged species is roughly the same. The level of 

ionization in plasma at low pressure is low, typically 1 charge carrier per 106 of 

neutral species (atoms, molecules, etc.). In general, the negative particles are mainly 

electrons. However, in the presence of electronegative gas, e.g. oxygen, a 

considerable number of negative ions can be created as well. The basic configuration 

for a glow discharge is the plan-parallel electrode system [4].

The process of plasma polymerization in glow discharge includes a number of 

reactions among the particles in the plasma volume, between the particles and the

surface in contact with plasma and between the particles on the surface. Two main 

mechanisms can be distinguished:

a) Plasma-state polymerization. Electrons collide with organic molecules and 

produce various fragments mainly in the form of free radicals that successively 

recombine in random reactions. In principle, almost any organic compound in 

gaseous state can be plasma polymerized by this mechanism. 

b) Plasma induced polymerization – radical polymerization of a monomer containing 

unsaturated carbon bond. In addition to the plasma-state processes, free radicals may 

attack and open the double and triple carbon bonds (which are vulnerable to such 
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attack) with creation of the second generation of radicals. These further react with 

precursor’s molecules via unsaturated bonds to fulfil the chain propagation.

In most cases, the term plasma polymerization is used with the meaning of plasma-

state polymerization. Since plasma polymerization involves the fragmentation of 

precursor molecules, the resulting chemical structure of plasma polymer is irregular. 

For this reason, plasma polymer is essentially different from corresponding

conventional polymer which consists of basic monomer units regularly repeating 

along a polymer chain. In the case of the plasma polymer, the chains are short, 

randomly branched and often with a high degree of crosslinking, as can be seen in

Figure 1.1.

Figure 1.1. Structure of a plasma polymer produced by plasma polymerization of 

ethylene. Taken from [5].

Over the years many models have been proposed to describe the plasma 

polymerization process. Poll [6] created a detailed model considering the processes 

that occur on the surface exposed to the plasma, i.e. adsorption, desorption and 
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polymerization. Another model was suggested by Lam [7] for plasma polymerization 

of styrene. The whole process is divided into the three steps: 1) initiation of a 

monomer by collisions with electrons, 2) propagation of the polymeric chains and 3) 

their termination similarly to conventional radical polymerization. All these 

processes can take place either in plasma or on the substrate (samples). Based on the 

experimental results, it seems most likely that the initiation of the monomer in the 

gas phase is due to collisions of the monomer molecules with energetic electrons. 

The resulting free radicals then diffuse to the surface and react with other intact 

molecules that are adsorbed in the surface – this results in propagation. Finally, the 

termination reaction of the polymeric chains takes place on the surface.

Yasuda and Hsu [8] suggested the competitive ablation and polymerization 

mechanism of plasma polymerization (Figure 1.2). Ablation involves the removal of 

a portion of solid material from the surface and can be caused both by chemical 

etching and ion bombardment. Some species arriving at the surface may react with 

the growing polymer chains to produce non-polymerizable volatile products, which 

are removed from the deposition zone by pumping. On the other hand, ion sputtering 

can cause ablation as well. 

Generally, a plasma polymer is an electrically isolating material and its surface floats 

at a negative potential with respect to positive plasma. The potential drop between 

the surface and plasma occurs over a distance called the sheath. Positive ions 

accelerated in the sheath bombard the surface producing additional surface free 

radicals that accelerate the polymer growth. On the other hand, ion bombardment

increases disorder in the growing film. In addition, sputtering or restructuring of the 

outer layers takes place.
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Figure 1.2. The plasma polymerization scheme by Yasuda. Taken from [9].

According to Yasuda, polymerization mechanism is a fast process that can be 

schematically represented in Figure 1.3. It consists of two main routes. Cycle I 

involves repeating activation of reaction products from activated monofunctional 

particles. Cycle II is similar, but for biradical species. Yasuda stressed out that 

consecutive addition reactions do not produce long kinetic chains in vacuum. 

Similarly, it is necessary to distinguish between the mechanisms of plasma 

polymerization and the deposition of a plasma polymer. The process of plasma 

polymerization is always the same, but the plasma polymer films differ due to other 

factors affecting the growth, e.g. substrate temperature. This model was developed 

for hydrocarbons and at present seems to be appropriate to some extent for 

fluorocarbon compounds such as C2F4 etc. Nevertheless, it does not have a universal 

validity. One drawback is that it does not consider ion bombardment. This is 

accounted by a R. d’Agostino’s AGM (activated growth model) [10].



5

Figure 1.3. The schematic representation of a plasma polymerization mechanism. M 

– original molecule or any other dissociation product including some atoms, e.g. H, 

F, etc. M• and •M• – activated particles (monofunctional and bifunctional, 

respectively) capable of creating a covalent bond. Taken from [9].

As it was mentioned above, plasma polymer coatings grow on surfaces which are in 

contact with glow discharge operated in organic gases. In the case of direct current 

(DC) excitation, the processes occurring on the cathode and in its vicinity are of a 

paramount importance for maintaining the glow discharge. However, the dielectric 

film of plasma polymer depositing on the cathode significantly increases the 

resistivity of the circuit and may eventually switch off the discharge after some time. 

Therefore it is not possible to utilize generally this type of discharge for plasma 

polymerization. The most common option for plasma polymerization processes is

radio frequency (RF, 100 kHz – 30 MHz) discharge. Electrons are capable of gaining 

the energy from RF electric field in the plasma volume to perform required excitation 

and ionization phenomena. Thus, the discharge does not depend anymore on the 

processes taking place on the electrodes. The electrodes can therefore be covered by 
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different dielectric materials or even be placed outside the dielectric (usually glass) 

chamber confining the plasma.

Plasma polymerized thin films have been intensively studied for several decades 

now. The growing interest is due to a number of advantages that plasma 

polymerization and, therefore, plasma polymers may offer:

- Plasma polymerization is performed without solvents and it is therefore 

environmentally friendly. The resulted films are solvent free. 

- This method is technologically attractive due to low amount of by-products 

(waste), relatively inexpensive devices used, moderate deposition rates (1-10 

nm/s).

- The deposits are usually pinhole free, deposition process allows accurate 

control of the thickness, very good homogeneity can be achieved on 

substrates with complex geometry.

- Plasma polymers are highly cross-linked networks. The existence of covalent 

bonds in the interface layer between the substrate and the coating, and the 

high degree of cross-linking are responsible for very good adhesion.

- By optimizing the deposition parameters, it is possible to vary the chemical 

composition and, accordingly, the properties of plasma polymers in a wide 

range.

The structure and composition of a plasma polymer depend strongly on the 

deposition parameters (pressure, flow rate, discharge power) and choice of the 

monomer. The control of structure of plasma polymer films is especially important 

for the preservation or improvement of unique properties of monomer units (for 

example in the case of conducting organic compounds). Various kinds of coatings

can be deposited by plasma polymerization using the proper monomers or 

monomer/inorganic gas mixture. 

The properties of plasma polymers differ greatly from those of conventional 

polymers. Plasma polymerized films have different molecular structure and the most 

significant difference is their crosslinking and branching. The degree of crosslinking 

affects the properties of the films. Generally, plasma polymer films may find 

applications in biomedicine (covalent immobilization of biomolecules by amino-rich 
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surfaces [11,12], biologically non-fouling films [13–15]), optics (integrated optics, 

lenses, laser discs, optical filters, memories, photoconductors) [16,17],

microelectronics (thin film transistors [18], diodes [19,20], switching components

[21,22], capacitors, sensors [23,24]) or in engineering (improvement of adhesion and 

compatibility of various phases utilized in composites, change of liquid crystal 

orientation). Plasma polymers are widely used as protective coatings against the 

environment and corrosion or as wear-resistant coatings [25–27]. Highly crosslinked 

plasma polymers are chemically and physically stable and can be used in areas in 

which mechanical or thermal strengths are necessary. The thickness of polymer films 

which is appropriate for the different applications usually ranges from 10 nm to 1 

µm. Detailed information about the application of plasma polymers can be found in 

e.g. [28]

1.2 Magnetron sputtering

Magnetron sputtering has developed rapidly over the last few decades to the point 

where it has become established as the process of choice for the deposition of a wide 

range of industrially important coatings. The basic sputtering process has been 

known and, despite its limitations, used for many years. The introduction of what are 

now termed conventional, or balanced magnetrons happened in the early 1970s

[29,30].

In the basic sputtering process, a target (or cathode) plate is bombarded by energetic 

ions generated in glow discharge plasma, situated in front of the target. The 

bombardment process causes the removal, i.e. sputtering of target atoms, which may 

then condense on a substrate as a thin film [31]. Apart from single atoms of a target 

material, also polyatomic particles (clusters), electrons and light can be emitted 

(Figure 1.4). The process is fast, non-equilibrium and non-thermal. The primary ion 

can either be reflected from the atoms of the solid (backscattering) or be slowed 

down after a number of collisions and remain built-in at a certain depth (ion 

implantation).
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Figure 1.4. Schematic illustration of sputtering process. Surface bombardment by 

energetic particle causes emission of mono- or polyatomic particles in various states 

of charge, electrons and light. Taken from [32].

The efficiency of sputtering process is usually characterized by a so called sputtering 

yield. It is defined as the average number of emitted target atoms per single primary 

atomic ion. Sputtering yield depends on the parameters of the primary ion beam 

(type, energy and charge), the experimental geometry (angle of incidence) and the 

material of the target (type and structure).

The basic sputtering system is an apparatus with the plan-parallel arrangement of the 

electrodes, the so-called diode system. The electrode, equipped with the target, is 

connected to negative potential of the DC power supply. The second electrode may 

be grounded, stay at floating potential or at another suitable additional potential from 

an external source. Usually, the second electrode (anode) is realized by a grounded 

vacuum chamber. The structure of the grown layer can be tuned by changing the 

substrate bias or the substrate temperature. Either an inert gas such as Ar or in the 

case of the reactive sputtering the reactive gas such as N2, O2 and so on can be used

as a working gas for sputtering. Working gas pressure ranges usually between 0.1 Pa 

and 10 Pa.
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Sputtering has several major advantages over other deposition techniques including

the possibility to deposit materials with high melting point and easy preparation of

well-defined alloys. In reactive sputtering, it is possible to tune the stoichiometry of

grown layers by altering the composition of the working gas mixture. The main 

disadvantage of sputtering is relatively low deposition rate and the presence of the 

working gas, which can adversely affect the growing layer.

The low deposition rate is caused by several factors. First, the ion density in a glow 

discharge plasma is very low (about one ion per 106 neutrals) and subsequently the 

amount of positive ions which hit the target surface and are capable to sputter atoms 

is relatively small. In addition, sputtering efficiency (sputtering yield), i.e. the ability 

of ions to emit atoms from the target, for most metals and argon ions with energy 

around 500 eV ranges only from 0.5 to 2 [33]. Hence, to increase the deposition rate, 

two ways can be followed. The first option is to increase the accelerating voltage 

across the cathode sheath and, therefore, to increase the energy of ions bombarding 

the target surface. However, the sputtering efficiency increases just a little, and in 

some cases it may even decrease. The second option is to increase the number of ions 

bombarding the target surface. This can be achieved to a certain extent by an increase 

of the pressure in the vacuum system. However, excessive pressure may be 

detrimental for sputtering as it results in collision ion transport and energetic losses

across the sheath. Another important factor is the reduction of losses of charged 

particles on the vacuum chamber walls. This can be realized electrostatically or by a 

suitable combination of the magnetic and electrical fields by creating an electron 

trap. The configuration must be such that there exists at least one closed path where 

condition ��⃗ × ��⃗ is fulfilled i.e. magnetic field ��⃗ is perpendicular to ��⃗ . A magnetic 

field parallel to the cathode surface can restrain the primary electron motion to the 

vicinity of the cathode and thereby increase the ionisation efficiency. As these 

trapped electrons move along cycloid trajectories (Figure 1.5), they generate many 

ions in plasma near the cathode, which intensively bombard the target and sputter 

high amount of target material. The high ionisation efficiency of gas is responsible 

for high currents along plasma, which can be obtained even at low pressures.
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Figure 1.5. The motion of an electron in electric and magnetic fields. Taken from [34].

The current – voltage characteristic of the discharge in the so-called magnetron mode 

of operation obeys a relationship in the form

� ∝ �� (1)

where � and � are the discharge current and the voltage respectively, � is the 

exponent that ranges usually from 5 to 9 and describes the efficiency of the electron 

trap.

Various configurations of magnetron sputtering sources can be used: the cylindrical 

post magnetron, the cylindrical hollow magnetron or sputter gun, and the planar 

magnetron configuration. Planar magnetrons can be further divided according to the 

shape of their magnetic field into balanced and unbalanced, where the unbalanced

magnetron can be of type I or type II. In the case of the unbalanced magnetron, the 

central magnet is much stronger (type I) or much weaker (type II) than the outer one 

and thus not necessarily all of the field lines are closed between them (Figure 1.6). 

The unbalanced planar magnetron sputtering arrangement was proposed first by 

Window and Savvides [35]. 
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Figure 1.6. Schematic representation of a balanced (left) and unbalanced – II type

(right) planar magnetron.

The utilization of different magnetron types for thin film deposition causes important 

differences in plasma characteristics and also in the properties of the deposited films. 

The use of balanced or type I unbalanced magnetron results in low electron 

bombardment of the growing films which is required for example in electronic 

applications. On the other hand, the properties of the deposited material can be 

improved by simultaneous bombardment of the growing film with energetic ions in 

the case of unbalanced magnetron of the type II.

1.3 Metal cluster formation

Clusters (Figure 1.7) are aggregates of atoms or molecules which may contain any 

number of component particles from three to tens or hundreds of millions. Generally, 

they are intermediate in size between individual atoms and aggregates large enough 

to be called bulk matter. The expression ‘‘nanocluster’’ is in principle synonymous 

with the frequently used term ‘‘nanoparticle’’ and the more historical expression 

‘‘colloid’’.
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Figure 1.7. Schematic structure of metal nanoclusters [36].

Nowadays, metal nanoclusters have gained interest due to their unique electronic and 

optical properties. The properties of clusters critically depend on their size [37]. This 

size dependence may enable production of cluster-based materials with novel optical, 

magnetic, or electronic properties [38]. Nanoclusters can be deposited on the solid 

supports [39–42] or in the form of nanocomposite thin films by embedding them into 

a polymer matrix [43]. The utilization of clusters and nanoparticles with different 

sizes provides a new challenge for formation of nanostructured surface topography

[44].

In the current work, the formation and deposition of metal nanocluster was realized 

by means of a gas aggregation method. In this method, the initial material is 

introduced (evaporated or sputtered) into the gas atmosphere (Ar, He) (aggregation 

volume) where condensation of metal atoms occur on atoms of the noble gas. Once 

the kinetic energy of introduced atoms is low enough a stabilizing three-body 

collision can occur which leads to a dimer formation:

� + � + �� → �� + �� (2)

here M is the metal atom and Ar the buffer gas atom (usually argon or helium). A 

three-body collision is necessary in the gas phase to release the latent heat of the 

condensation and for energy and momentum conservation of the total system. When 

the cluster becomes large enough to transfer the latent heat to its internal degrees of 

freedom, cluster-atom collisions result in atom attachment and thus, further cluster 

growth:
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�� + � → ���� (3)

Below the critical diameter the nuclei are unstable and may disintegrate or otherwise 

grow further by random interaction with new-coming atoms. The value of �∗ is given 

as [45]:

��,� =
4�����,�

�����(�)
(4)

Here, γ and ����,� are the surface tension and the molecular volume of the cluster, S

is the dimensionless super-saturation ratio at temperature T and �� is the Boltzmann 

constant. 

Once the nucleus is stabilized, it can grow either via atomic vapour condensation 

(homogeneous nucleation) or by collisions with other clusters (coagulation). The 

growth mechanism is determined by the thermodynamics of the system. For 

example, theoretical calculations of Hihara and Sumiyama supported the 

experimental data for the atomic vapour condensation in the case of nickel atoms

[46]. Homogeneous nucleation is typical for most of metal nanoparticles. On the 

other hand, ceramic particles are formed by coagulation [45]. Another mechanism of 

cluster growth, known as Ostwald ripening [47] or coalescence, takes place when the 

two previous mechanisms of nucleation are forbidden or quite weak (for example,

when the coagulation process is forbidden due to coulomb repulsion of charged 

clusters). The coalescence nucleation mechanism follows from equilibrium between 

clusters and free atoms. The equilibrium between individual clusters and an atomic 

vapour depends on the competition between the processes of cluster evaporation and 

attachment of free atoms to the cluster. For small clusters, the evaporation process 

dominates whereas the attachment of free atoms is stronger for large clusters. As a 

result, small clusters evaporate and large clusters grow at their expense.

Nanoparticles grow from individual atoms up to a certain size. The formation of 

clusters can be facilitated in presence of nucleation centres such as chemically 

reactive impurities. It has been shown by Marek et. al. for titanium and copper [48]

that the oxygen admixture with very low concentration has a significant effect on 

cluster formation and growth. 
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The vacuum-based sources capable of producing free beams of metal nanoclusters 

with a wide range of sizes were first reported 30 years ago [49,50]. Different gas 

phase methods [45,51] utilize evaporator as a source of the material. Alternatively, a 

gas aggregation source based on magnetron sputtering introduced by Haberland 

[52,53] has become popular for its relative simplicity and the ability to produce

nanoclusters from materials with high melting point. It has been utilized for 

production of different metallic clusters: chromium [54], nickel [46], cobalt [55], 

[56], silver [43,57], copper [48,58].

The gas aggregation cluster source combines the sputtering and condensation on inert 

gas. Formation, growth and deposition of metal nanoclusters is strongly influenced 

by various parameters e.g. working gas pressure in the cluster source, gas flow rate, 

sputtering rate (applied power), material of the target, temperature of the aggregation 

chamber. Formed clusters then leave the cluster source chamber through an orifice 

by travelling with the flow of the buffer gas. The metal cluster beam emerging from 

the magnetron discharge is partly ionized [53]. Recent experiments show that in case 

of silver or aluminium about 60% of clusters are ionized [43] but the difference 

between the two materials is in the ratio of negatively and positively charged 

clusters. For Al, the most of the clusters are negatively charged [59] whereas silver

shows the presence of positively charged particles with more than 50% of total 

ionized fraction. The information about charge distribution in the cluster beam may 

be useful for electrostatic acceleration of clusters in order to increase their adhesion 

to the substrate.

1.4 Nanocomposite thin films

The term ‘composite’ denotes a heterogeneous structure with combination of two or 

more materials of different composition. Usually, the components can be physically 

identified and exhibit an interface between each other. If these constituents retain 

their identity on nanoscale, the material is often referred to as nanocomposite. The 

benefits of composites arise from the combination of materials that results in very 

different structural or functional properties not present in any individual component
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[60,61]. Such materials are of considerable interest since the seventies of the 20th

century [62–64]. In the following years, a number of studies devoted to this topic 

increased as can be seen from a number of reviews e.g. [2,28,65]. First, the 

metal/plasma polymer composite films were studied and later more complex 

character of nanocomposites with metal oxides and semiconductor inclusions came 

into consideration. They have interesting physical, (mechanical, electrical and 

optical), chemical and biological properties ranging from those of an intrinsic 

polymer up to those of a pure additive.

Functional properties obtained by embedding metallic nanoparticles in a dielectric 

matrix include electronic conductivity ranging from single-electron hopping and 

tunnelling to percolation [66], particle plasmon resonances (PPR) giving rise to 

characteristic optical features [67] investigated in the new field of plasmonics [68], 

magnetic properties tuned by ferromagnetic single domain behaviour [69], 

enhancement of catalytic activity owing to the large effective surface area of the 

nanoinclusions and the marked contribution of the surface energy to the chemical 

potential [70].

The structure of metal/plasma polymer is shown in Figure 1.8 where TEM and 

HRTEM micrographs of silver nanoparticles embedded into hydrocarbon plasma 

polymer matrix are presented.
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Figure 1.8. TEM micrographs of Ag/C:H nanocomposite film. Dark areas are metal 

nanoparticles, bright area in between particles is plasma polymer matrix: a) 

unpublished results, b) HRTEM, adopted from [71].

The properties of the composite films are mostly determined by the amount of metal 

inclusions in the plasma polymer matrix which is thus the most important parameter 

describing nanocomposite thin film. It is usually characterized in terms of the so-

called filling factor (�) defined as:

� =
������

����������
(5)

The above mentioned description of the nanocomposite films is acceptable only if 

the inorganic part of the composite reacts very little or not at all with plasma polymer 

matrix. The problem with the structure and its description occurs in the case of 

composites containing highly reactive metals, such as those which readily form 

carbides and hydrides (the case of aluminium described in 3.1), or with various metal 

oxides such as SiO2 or TiO2. In these materials, a number of chemical compounds 

may be formed, or at low content homogeneous dispersion of inorganic phase in the 

plasma polymer may occur. For such materials, the above description of composites 

can be used only with some approximations [72]. More information about 

nanocomposites based on plasma polymer films can be found in [3].
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Historically, the most extensive research in the field of composites has been done on 

the composites of plasma polymers and metals. There are several basic methods for 

the preparation of composite thin films. First composites of metal/polymer were 

prepared by simultaneous vacuum evaporation of both components. Another option 

is to prepare one of the components by magnetron sputtering and the other one by 

evaporation [73]. Moreover, simultaneous sputtering from two magnetrons [74–76]

or sputtering from a composite target [72] is also possible. The most common 

method of deposition of the nanocomposite thin films is based on magnetron 

sputtering of inorganic components (metal) in a gas mixture of the working gas 

(argon) with a monomer (e.g. n-hexane), i.e. the simultaneous plasma polymerization

[64].

In the current work, we report the preparation and characterization of 

Al(oxide)/hydrocarbon plasma polymer thin films of a) homogeneous structure with 

Al atomically dispersed in the plasma polymer (see parts 3.1 and 3.2); b) 

heterogeneous structure with easily visible interface between nanoclusters embedded 

into plasma polymer (see part 3.4).
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2 Experimental

The section Experimental summarises most of the necessary information and 

technical details about the deposition systems used in the current work. First part of 

the section describes the vacuum deposition systems used for preparation of

nanocomposite thin films Al/CH, metal (metal oxide) nanoclusters (Ag, Al, Ti) and 

their composites with plasma polymer. The second part concerns the analytical and 

characterization techniques utilized for sample characterization. Technical 

specifications of instruments are provided and usual experimental conditions are 

given.

2.1 Vacuum deposition systems

2.1.1 Planar magnetron

Magnetron sputtering (see part 1.2) is the method frequently employed in our 

laboratory. All the deposition processes carried out in the current work more or less 

employ the planar magnetron (metal or polymer thin film deposition, gas aggregation 

cluster source). The schematic representation of balanced planar magnetron is shown 

in Figure 2.1. It consists of two main parts: the grounded housing and the copper 

magnetron head 80 mm in diameter equipped with the metal or polymer target. The 

gap between the electrode and shielding is less than 1 mm to prevent parasitic 

discharge. The magnetic circuit was formed of 8 neodymium magnets of size 1 cm3

placed inside the magnetron head. The maximum intensity of parallel component of 

magnetic field on the surface of the electrode in the erosion zone was B|��� =

150 mT. When the target was placed on the magnetron the strength of the magnetic 

field on the target surface decreased to the typical value of about 100 mT (for metal 

target with thickness of 3 mm). Such magnetic field provides sufficient ionization 

and thus high sputtering rate.

The magnetron was equipped with the targets of various materials and connected to 

power supplies according to particular deposition arrangement. As more than 75 % 

of the magnetron operating power is transformed into heat in the sputter process, a 
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cooling system providing sufficient heat transfer from the target becomes an 

important part of the magnetron design in order to protect magnetron from 

mechanical deformations as well as to protect the magnets from the demagnetization 

process. To improve the cooling process of the target, carbon foil with thickness 

about 0.2 mm was used as a layer between the target and the magnetron head. 

Figure 2.1. Schematic representation of planar magnetron: 1 – target, 2 – magnets, 3 

– copper magnetron head (electrode), 4 – housing (shield) of the magnetron, 5 –

PTFE insulators, 6 – water cooling.

In the case of DC sputtering, the electrode was connected directly to a DC power 

supply (Advanced Energy AE MDX 1.5K) operated in a ‘constant current’ mode at 

0.2-0.5 A which corresponded to about 100-150 W power. The typical operating 
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pressure of the magnetron sputter sources during thin film deposition processes is

around 1 Pa. At this pressure, current densities can be achieved that are still 

sufficient for efficient sputtering of the target while the sputtered species are almost 

collisionlessly transported to the substrate over distance of the order of few cm. For 

the formation and deposition of the metal clusters, the pressure ranging from tens to 

hundreds of Pa is necessary. At this pressure, molecular diffusion in the gas phase is 

significantly hindered and the sputtered material is better localized nearabout the 

target surface to fulfil the supersaturation condition and thus to ensure cluster 

formation by aggregation process. As a working gas, usually argon with purity 

99.998% was used.

2.1.2 Gas aggregation cluster source

Ag, Al and Ti nanoclusters were prepared by means of the gas aggregation cluster 

source following the Haberland concept [52] and constructed in our laboratory

[39,43]. The construction of the cluster source is schematically shown in Figure 2.2. 

The cluster source is mounted on the ISO-K 100 flange and can be easily connected

through this flange to different vacuum chambers. It consists of cylindrical 

aluminium aggregation chamber of 100 mm inner diameter ending in a 3 mm long 

nozzle of variable diameter (from 1.5 mm to 3 mm). The aggregation length 

(distance between the target surface and the nozzle) is 90 mm. The aggregation 

chamber is cooled with water. The DC planar magnetron (80 mm in diameter) was 

equipped with the silver, aluminium or titanium target (2 mm thick). The magnetron 

current applied by DC power source (AE MDX 1.5K) was varied in the range 0.2-0.5

A. Argon was used as working gas. In some cases, oxygen was used as admixture to 

argon. The aggregation pressure was 25 Pa, 75 Pa and 200 Pa for Al, Ag and Ti, 

respectively. 
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Figure 2.2. Schematic drawing of the gas aggregation cluster source. 1 – chamber 

wall, 2 – aggregation chamber, 3 – output nozzle, 4 – cooling of cluster source, 5 –

gas inlet, 6 – magnetron, 7 – Ag target, 8 – power supply, 9 – plasma and 10 – cluster 

beam.

Unlike the original Haberland setup, neither differential pumping between the gas 

aggregation chamber and the main chamber nor mass separation of resultant clusters 

were applied. Such solution significantly simplified the experimental arrangement 

and led to an overall increase of the nanocluster deposition rate.

Two different arrangements were employed for determining the charge of the 

clusters. In the first one, two grids made of stainless steel (SS) mesh with 1×1 mm 

frame were placed perpendicularly to the exit of the cluster source (see the scheme in 

Figure 2.3a). The first grid was grounded, whereas on the second one the voltage

could be changed between 0 V, −1 kV and +1 kV. The mass fraction of the neutral, 

positively and negatively charged clusters was then determined by means of a quartz 

crystal microbalance (QCM). For evaluating the dependence of the charge on the 

cluster size, the second experimental arrangement was used (Figure 2.3b). It consists 

of two parallel deflection plates (2×2 cm) 1 cm apart, placed at the exit orifice of the 

cluster source. By applying different voltage on the deflection plates, the metal 

clusters leaving the cluster source were deflected to different directions depending on 

their charge and kinetic energy. 
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a)

b)

Figure 2.3. Arrangement of (a) retarding grids and (b) deflection parallel plates.

Nanoclusters were deposited on the substrates positioned in the main chamber 5 cm 

or 20 cm away from the exit orifice. The depositions were performed in dependence 

on the magnetron current at constant gas pressure and flow rate. The deposition rate 

was measured by QCM. 

2.1.3 Deposition of nanocomposite thin films

a) A reactor for preparation of Al/C:H nanocomposite thin films by DC

magnetron sputtering of aluminium in argon/n-hexane gas mixture

At the first stage of this work, we started with the preparation of aluminium/plasma 

polymer nanocomposite thin films by a “classical” method based on DC magnetron 

sputtering from metal target (aluminium in our case) in gaseous atmosphere of 

argon/n-hexane mixture. This method has been successfully utilized since the 

seventies of the 20th century up to nowadays for composite films deposition with 

various metals inclusions (Ag, Au, Ni, Mo, Ti, Ge) [64,77–86]. By choosing proper 

deposition conditions (argon/n-hexane concentration, working pressure, applied 

power) it is possible to prepare nanocomposite films with different metal content

(filling factor) and, thus, to vary their properties in a wide range passing from the 

properties of thin polymer film to those of the metal.
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Figure 2.4. Schematic drawing of the deposition chamber used for Al/plasma 

polymer thin film deposition; S – substrate, M – magnetron, P – pumping, W –

window, B – baratron, I – ion gauge, L – load-lock.

A schematic drawing of the experimental setup used is shown in Figure 2.4. It is 

based on the stainless steel vacuum chamber (about 0.04 m3) pumped down by 

diffusion and rotary pumps to the base pressure at about 10-4 Pa. Al/hydrocarbon 

plasma polymer films were deposited using an unbalanced magnetron (80 mm in 

diameter) designed in our laboratory (see part 2.1.1) equipped with Al target

(99.95%) operated in the DC mode in a working gas mixture of Ar (of 99.998% 

purity)/n-hexane (Aldrich, hexane 99+%, CH3(CH2)4CH3). The magnetron was 

installed inside the vacuum chamber in the upright position at the bottom and the 

substrate holder was placed opposite to the magnetron at the distance of 50 mm from 
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the target. The DC generator MDX 1.5K (Advanced Energy) powered the magnetron 

in a constant current mode (0.4 A). The flow rate of argon was automatically 

adjusted by a flow-controller (MKS 1179A) and set to the value of 20 sccm. The 

flow rate of n-hexane was manually controlled by a needle valve in the range of 0.1-

0.5 sccm. The working pressure was measured by an MKS Baratron 626 absolute 

pressure transducer and was kept at a constant value of 1 Pa in all the experiments.

The samples were changed by means of a load-lock which allowed speeding-up the 

experimental procedure and preventing frequent venting of the chamber. The plasma 

polymerization process was monitored in-situ by means of optical emission 

spectroscopy (OES) (see part 2.2.2) and the deposition rate was measured by QCM 

(see part 2.2.1).

After each experiment, the samples were left in the chamber under vacuum for 30 

minutes to minimize the concentration of the radicals (decay of the radicals) in the 

films and, consequently, decrease the oxidation after the extraction of the samples 

from the chamber.

b) Deposition of nanocomposite thin films Al(oxide)/hydrocarbon plasma 

polymer by simultaneous closed-field magnetron co-sputtering

In this case, simultaneous co-sputtering from two unbalanced planar magnetrons (DC

and RF) equipped with aluminium (Al) and polypropylene (PP) targets, respectively, 

was utilized in pure argon. The vacuum deposition apparatus is depicted in Figure 

2.5. Here, the magnetrons are placed facing each other with the rotatable substrate 

holder located between them. The substrate holder allowing coating 8 glass slides

simultaneously was rotating at a frequency of 1 Hz. The shortest distance from the 

substrates to each magnetron is 3 cm. The described configuration of the deposition 

system consisting of two unbalanced magnetrons with opposite magnetic polarities to 

provide closed-field sputtering was described elsewhere [31]. 
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Figure 2.5. Experimental set-up for simultaneous co-deposition of composite films 

Al/pPP: a) schematic drawing of experimental set-up and b) real photo; c) digital 

photo of the closed-field sputtering system during the experiment.

The magnetron with the Al target was powered by the Advanced Energy (AE MDX 

1.5K) DC power supply while the magnetron with the PP target was powered by an

RF Dressler 600 power supply (13.56 MHz). The DC power supply was operated in 

a constant current mode. This set-up allowed independent control of the deposition 

rates and thus control of the final composition of the composite films. The deposition 

rate of the individual components was monitored by QCM. The preparation 

b) c)
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conditions were set according to the data acquired for each component in the separate 

sputtering experiments. The working gas (argon) pressure and its flow rate were held 

constant at 2 Pa and 5 sccm, respectively. The only parameters changed were the 

powers delivered to the magnetrons. The RF power for polypropylene ranged from 

30 W to 70 W. The DC generator for the Al magnetron was operated at 0.04–0.09 A, 

which corresponds to 15–30 W power.

c) A co-deposition system for preparation of nanocomposites with clusters 

embedded into hydrocarbon plasma polymer matrix

The large part of the current work is devoted to the deposition of nanocomposite thin 

films with clusters (nanoparticles) produced inside the gas aggregation cluster source 

and then embedded into plasma polymerized hexane. The schematic drawing of the 

deposition chamber used for the deposition is shown in Figure 2.6. It consists of the 

stainless steel vacuum chamber of volume around 0.1 m3 pumped down by the 

diffusion pump (pumping speed 3000 l/min) and the rotary pump to the ultimate 

pressure better than 10-4 Pa. The cluster source and the RF magnetron were installed 

perpendicularly to each other. Both were equipped with the shutters, allowing 

synchronization of the deposition process.

Figure 2.6. Schematic drawing of the deposition chamber used for deposition of 

nanoclusters and their nanocomposites with polymer matrix.



27

The RF planar magnetron was equipped with a graphite target and connected via a 

matching unit to the RF generator (Dressler Cesar 136 600W, 13.56 MHz). The 

discharge was ignited in the deposition chamber at pressure 0.5 Pa in the Ar/n-

hexane gas mixture with ratio 1:5 and total flow rate 6 sccm. The gas aggregation 

cluster source was operated at constant working pressure of 25 Pa. The magnetron 

was powered by the DC power supply MDX 1.5K (Advanced Energy) working in 

constant current mode. The applied current was varied in the range 0.2 – 0.5 A. RF

power applied to the magnetron was varied in the range 20 W – 120 W. Al/AlxOy

nanoclusters and their nanocomposites were deposited on different substrates (Si 

wafer, gold coated glass, silica glass) placed inside the vacuum chamber at the angle 

of 45 degree with respect to both the RF magnetron and the cluster source as 

depicted in Figure 2.6. The distances from the substrates to the cluster source and to 

the RF magnetron were 20 cm and 10 cm, respectively. The cluster source was 

flushed for 30 minutes by an argon/oxygen gas mixture (with ratio of flows 1 sccm:1

sccm) prior to each experiment to get stable and reproducible deposition of 

nanoclusters.

The pressure in the vacuum chamber and in the cluster source was measured by two 

types of vacuum gauges according to the actual pressure values. The capacitance 

pressure gauge MKS Instruments Baratron 626 was used at higher pressures (10-2 Pa 

to 103 Pa). The low pressure ionization vacuum gauges Kurt J. Lesker IG2200 

(working range 10-1 Pa to 10-8 Pa) was used for the measurement of the ultimate 

pressure and for testing of leaking into the chamber before each experiment. Flow of 

the working gases was controlled by the commercial flow controller MKS 

Instruments Mass-Flow (1179A) in the case of inert argon (Ar) and by the

commercial needle valve Balzers VDH016-X in the case of reactive oxygen (O2) or 

n-hexane. A residual gas analyzer (RGA) was used for the measurements of the gas 

composition in the deposition chamber and particularly was utilized for detection of 

oxygen during the experiments related to the study of the influence of oxygen 

admixture on the formation and deposition of nanoclusters.
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2.2 Characterisation of deposition process and thin films

2.2.1 Quartz Crystal Microbalance (QCM)

The quartz crystal microbalance, (QCM) uses the piezoelectric effect. It consists of a 

quartz slice cut at appropriate plane of the crystal (usually AT plane) with electrodes 

created on both sides. If the high frequency voltage is applied to the electrodes the 

crystal behaves as a forced electromechanical oscillator. Required frequency of the 

supply voltage must be in resonance with the mechanical natural frequency of the 

crystal (5 or 6 MHz in our case). When a thin film is deposited on such crystal, its 

overall mass changes (dm) which in turn influences the oscillation frequency of the 

crystal (��):

�� = −
��

���

��

�
(6)

where ρ is the density of the quartz crystal, S is the area of the deposited film and N

is a frequency constant. This is valid in the case of very thin films when elastic 

properties of the film can be neglected. The calibration of quartz crystal can be done 

by comparison the change in the frequency of the crystal with the actual thickness of 

the film measured by an independent method (AFM, Ellipsometry). For more 

information about quartz crystals see [87,88].

For the thickness measurements, the gold coated quartz crystals 1 cm in diameter 

were used. The usual oscillation frequency was 5 or 6 MHz. The crystal was installed 

into the self-made crystal holder and mounted in the deposition chamber 5-20 cm far 

from the deposition source. The QCM was connected through the frequency reader to 

the computer. Usually, the QCM reader was connected and switched on at least half 

an hour before the experiments in order to stabilize the oscillation frequency. The 

crystal was usually replaced by the new one when the frequency decreased by 5%.
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2.2.2 Optical Emission Spectroscopy (OES)

Optical emission spectroscopy (OES) is a method deployed for in-situ diagnostics of 

low temperature plasma and processes of plasma polymerization. It is based on 

detection of plasma radiation resulting from transitions of electrons in atoms and 

molecules to lower energy levels. The measurement provides information on 

wavelength positions, intensities and widths of the emission lines or on the structure 

of molecular bands. Therefore, it is possible to detect the presence of excited atoms 

and molecular fragments in the discharge. However, not all neutral particles and ions 

in the plasma radiate. Interpretation of the large amount of information contained in 

the spectrum is very complex, in many cases unclear and quantitative analysis 

requires special procedures. Nevertheless, it is very sensitive and not very 

experimentally demanding method.

A spectroscopic apparatus consists of a monochromator ARC SpectraPro-300i with a 

grid and a photomultiplier Hamamatsu R928. It was connected to the deposition 

chamber via an optical fibre and a quartz window. The spectra were recorded in the 

range 200-800 nm and were analyzed according to [89,90].

2.2.3 Mass spectroscopy

In the low-temperature plasma the ratio of concentration of charged particles to the 

neutrals is only about 10-6. Nevertheless, electrons and ions determine the overall 

behaviour of the plasmas. Quadrupole mass spectrometry (QMS) is often used for 

analysis of ions and neutral particles in the plasma. The principle of the analysis of 

neutral particles in the plasma is as follows. The neutral particles enter the 

spectrometer through an aperture. They are ionized by an ionization source, then they 

are focused by ion optics and enter a mass filter. The quadrupole filter consists of 

four rods fed with time-varying voltage. As a result, for a given voltages only ions of 

a certain mass-to-charge ratio m/q will reach the detector (Figure 2.7). Mass to 

charge ratio is measured in units of amu (atomic mass unit).
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Figure 2.7. The scheme of quadrupole mass spectrometer for neutral particles 

analysis.

The most commonly used detectors are either collecting electrode (Faraday cup) or 

more sensitive detector with an electron multiplier (SEM). Sometimes, the QMS is 

equipped with the energy filter allowing selecting only ions of interesting (given) 

energy. Mass spectrometry is a very sensitive technique, but mutual resolution of 

some ions is very problematic. (For example m/q=28 can be assigned to N2
+, CO+, 

C2H4
+ or HCNH+). For more information about mass spectrometry see [3,91,92].

A differentially pumped HAL 301 mass spectrometer (Hiden analytical) with applied 

electron energy of 70 eV, connected through the ISO-100 flange was used for 

determination of the composition of residual gas in the deposition chamber before 

the experiments and for investigation of the argon/oxygen gas mixture for 

preparation of Al and Ti clusters.

2.2.4 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) was utilized for characterization of the surface 

morphology of deposited thin films, estimation of their roughness, thickness and for 
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determination of dimensions of nanoclusters. A schematic illustration of the main 

part of the AFM instrument is shown in Figure 2.8. The AFM measurement employs 

a sharp (silicon or silicon nitride) tip (Figure 2.9) fixed at a cantilever, which is 

brought into interaction with the sample surface by driving a cantilever with 

scanning piezo tube. The AFM cantilever is about 100-200 µm long and the radius of 

curvature of the tip is in the order of nanometers. 

Figure 2.8. The scheme of the main part of AFM microscope. 

Figure 2.9. The SEM image of silicon AFM tip.
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Several types of measurement modes, contact (with repulsive forces of about 10-8–

10-9 N), non-contact (weak van der Waals forces ~10-11 N, magnetic or electrostatic 

forces are utilized) and semi-contact modes are available. The characterization of 

both conducting and non-conducting surfaces in air, liquid or in vacuum is possible 

by AFM.

The roughness of the films is usually presented by Roughness average (Ra) and Root 

mean square (RMS) roughness Rq (see Figure 2.10).

Figure 2.10. Roughness profile measured by AFM. Taken from [93].

Roughness average, ��, is the arithmetic average of the absolute values of the 

roughness profile ordinates:

�� =
1

�
�|�(�)|��

�

�

(7)

Root mean square (RMS) roughness, Rq, is the root mean square average of the 

roughness profile ordinates:

�� = �
1

�
� ��(�)��

�

�

(8)

where Z(x) is profile ordinates of the roughness profile.

It is necessary to pay attention to some limiting factors during measurements and 

interpretation of obtained scans. Because of small sizes of the scanned objects (e.g. 

nanoclusters) the shape and the size of the utilized cantilever cannot be neglected and 

the resulting image is the convolution of the surface and tip (Figure 2.11). As a 
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result of contact with sample surface the tip can be damaged. The most common 

damage is when the sharp edge of the tip is deformed and it gets a new shape

(sometimes even “doubling” of the tip occurs). It leads to stretching of the image in 

one direction or, in the case of the double tip, to periodic repetition of the scanned 

objects. Another problem is the proper set of feedback. The fast or slow feedback 

reaction will distort measurements. More about the AFM technique can be found e.g. 

in [32].

Figure 2.11. The difference between the real topography (left) and picture obtained 

by AFM. a) the size of tip is negligible comparing to surface roughness; b) the tip is 

comparable to the surface topography. Taken from www.nt-mdt.ru.

The samples for AFM topography measurements were deposited on Si wafers which

have surface roughness less than 1 nm. Film thickness was measured either on glass 

substrate across a scratch or on a silicon substrate using a mask of cellulose acetate 

that can be peeled off after the deposition creating a sharp edge in the film.

The thickness and surface topography was examined by two different AFM

microscopes: Quesant Q-scope 350 and NT-MDT Ntegra. The scans were obtained 

in semi-contact mode at resolution of 256 or 512 data points.

b

a
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2.2.5 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) has been employed to study the chemical 

composition of the composite plasma polymer films. It is a widely utilized technique 

for chemical analysis of surfaces of materials and is based on the surface 

photoelectric effect. The electron can be emitted out from the surface by the photon 

hitting the sample surface with energy hν. Then, the kinetic energy of an electron Ek

can be written as:

�� = ℎ� − Φ − �� − Δ� (9)

where Φ is the spectrometer work function, EB is the binding energy of the emitted 

electron and ΔE – energy loss that the electron suffers during its escaping from the 

surface. The emitted electrons are collected and analyzed by spectrometer to produce 

a spectrum of emission intensity versus their energy (Ek).

For the electron excitation, typically Kα radiation of Al (1486.6 eV) or Mg (1253.6 

eV) is used. If the exited electron does not suffer any energy loss during escaping 

(i.e. ΔE=0 eV) from the surface, and the work function Φ is known, the binding 

energy of the electron can be easily calculated according to (9). Because each 

element has a unique set of binding energies, XPS can be used to identify the 

elements on the surface. XPS peak areas at nominal binding energies can be used to 

quantify concentration of the elements. The kinetic energy of the escaping 

photoelectrons is limited to the depth from which these emerge. XPS is thus a surface 

sensitive method and only the top few atomic layers can be characterized. In case of 

polymers, XPS can obtain the information from the depth up to 10 nm. For this 

reason, the results can sometimes be distorted due to the surface oxidation or 

contamination of the sample. Since electrons escape from the surface, surface 

charging may occur in case of non-conductive samples (polymers). The measured 

binding energies are thus shifted to the higher values and calibration according to 

known value of the obtained spectrum is necessary. Usually C1s peak of aliphatic 

hydrocarbons at 285.0 eV is used. More information about XPS can be found

[94,95].
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The surface chemical analysis of the deposited thin films was done by a Specs 

Phoibos 100 system equipped with a hemispherical energy analyzer. An Al Kα X-ray 

source (1486.60 eV) at the incidence angle of 55˚ to the sample surface plane was 

used. Thin films for XPS analysis were deposited onto flat silicon wafers. The XPS 

scans were acquired at constant take-off angle of 90°. Wide scans used for the 

evaluation of elemental composition of the films (0–1300 eV) were recorded using 

pass energy of 40 eV (step 0.5 eV and dwell time 0.1 s). The accuracy of the 

determination of the atomic fractions is 1%. The high resolution scans were recorded 

at pass energy of 10 eV (step 0.05 eV, dwell time 0.1 s and 10 repetitions). In order 

to compensate the effect of surface charging all the binding energies were referenced 

to the C1s carbon peak at 285.0 eV.

2.2.6 Fourier Transform Infra-Red Spectroscopy (FTIR)

Investigation of the chemical bonding in composite plasma polymer films was 

performed also by means of Fourier Transform Infra-Red Spectroscopy (FTIR). It 

detects absorption of electromagnetic radiation by molecular vibrations. The 

absorption can occur only if the electric dipole moment of the molecule changes. The 

absorption of light by the material is described by a Lambert-Beer law:

� = ������ (10)

where α is an absorption coefficient and d – thickness of the film. Fourier 

spectroscopy is based on computer signal processing coming from the interferometer, 

where the wave is divided into two mutually coherent waves (Figure 2.12). Those 

pass different optical paths and then interfere together as two collinear waves.
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Figure 2.12. The principle of FTIR spectroscopy.

The frequency of the vibrations can be associated with a particular bond type. Every 

vibrational mode corresponds to an absorption band in a spectrum that is 

characterized by:

a) position of its maximum on the wavenumber axis – represents the energy of 

the transition from level n = 0 to level n = 1 of an oscillator corresponding to 

the particular normal vibration;

b) position of its maximum on the intensity axis (transmittance or absorbance) –

represents the probability of the particular transition;

c) its shape (Gauss, Lorentz) – determined by interactions taking place in the 

film.

An overview of the use of infrared spectroscopy to determine structure of molecules 

can be found in e.g. [96].

Infrared investigations of the films were performed using a Bruker EQUINOX 55 

spectrometer in a spectral range 400–4000 cm-1. Glass slides pre-coated with a gold 

layer were used as substrates. For each sample, 400 scans were acquired with 

resolution 2 or 4 cm-1. The obtained spectra were analyzed using tables [96,97] and 

other resources.
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2.2.7 Ellipsometry

Ellipsometry is a non-destructive, sensitive technique for determining optical 

properties of surfaces and thin films. It measures a change in polarization as light 

reflects or transmits from a material structure. The polarization change is represented 

in terms of an amplitude ratio, Ψ, and the phase difference, Δ. These two coefficients 

contain information related to material optical properties and physical dimensions

and are measured as a function of wavelength. A scheme of ellipsometry 

measurement is shown in Figure 2.13.

Figure 2.13. Typical ellipsometry configuration, where linearly polarized light is 

reflected from the sample surface and the polarization change is measured to 

determine the sample response. Taken from [www.jawoollam.com].

Ellipsometry is a model dependent technique, i.e. it is not possible to determine 

directly the physical quantities (dielectric functions, refractive indices, material 

composition, film thicknesses etc). A mathematical model that describes the sample 

structure is required to determine them. After that the fitting process is used to adjust 

the theoretical sample (previously built) to the experimental data (real measure). The 

usual procedure used to deduce material properties from ellipsometry measurements 

follows the flow chart shown in Figure 2.14.
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Figure 2.14. Flowchart for ellipsometry data analysis. Taken from 

[www.jawoollam.com].

Ellipsometry measurements were performed by a variable angle spectroscopic 

ellipsometer (Woolam M-2000DI) in the wavelength range of λ=192–1690 nm. The 

ellipsometer is equipped with a motorized stage. The angle of incidence could be 

varied in the range 0°-80°. The measurements were performed on Si wafers 

(reflection) and silica glasses (transmission), used as substrates for thin films 

deposition. Polymer thin films and nanocomposites with embedded nanoclusters 

were investigated by ellipsometry in order to determine optical constants of thin 

films, film thicknesses and filling factors for selected samples.

2.2.8 Ultraviolet-Visible Spectroscopy (UV–Vis)

Ultraviolet–visible spectroscopy or ultraviolet-visible spectrophotometry (UV-Vis) is 

an absorption or reflectance spectroscopy in the ultraviolet and visible regions. 

Molecules containing π-electrons or non-bonding electrons can absorb the energy in 

the form of ultraviolet or visible light to excite these electrons to higher anti-bonding 

molecular orbitals. Organic compounds absorb the light in the UV or visible region.

The electron transition from bonding orbital π to antibonding orbital π* is the most 
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common transition for conjugated organic molecules. The UV–vis spectra for 

organic material are generally very complex with broad spectral bands.

In the case of nanocomposite thin films with metal nanoclusters so-called Surface 

Plasmon Resonance (SPR) can be observed in UV-Vis spectra. The resonance 

condition is established when the frequency of light photons (UV or visible) matches 

the natural frequency of electrons on the surface of nanoparticles oscillating against 

the restoring force of positive nuclei (Figure 2.15).

Figure 2.15. Surface Plasmon Resonance (SPR)

A double beam spectrophotometer Hitachi U-3300 was utilized for characterization 

of the nanocomposite thin films deposited on quartz or glass substrates. The optical 

properties of the films were studied in the wavelength range of 200-800 nm. The 

spectrophotometer utilizes deuterium and tungsten sources of light, the spectra of 

which overlap at about 340 nm. The resolution was set to 2.0 nm and the speed of 

scan to 300 nm/min. All measurements were done in the transmittance regime. 

2.2.9 Scanning Electron Microscopy (SEM)

The topography of the deposited samples was determined by scanning electron 

microscopy (SEM). Thin films were usually prepared on polished silicon wafers used 

as substrates. The SEM is a microscope that uses electrons instead of light to form an 

image. SEM utilizes bombardment of the sample by primary electrons (PE) with 

energies between 2–40 keV and analyzes signals from secondary electrons (SE) and 
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back-scattered electrons (BSE). The electron beam passes through scanning coils and 

objective lens that deflect horizontally and vertically so that the beam scans the 

surface of the samples (Figure 2.16). The emitted electrons with energy lower than 

50 eV are considered to be secondary electrons.

Figure 2.16. Geometry of scanning electron microscope (SEM).

If non-conductive materials (e.g. polymers) are measured by SEM, charging of their

surface often occurs due to bombardment of the sample by electrons. There are 

several ways how to avoid this problem: irradiate the surface by ion beam of energy 

different from the energy of the displaying beam, using silica gel or carbon foil for 

making the surface more conductive, modification of non-conductive surface by 
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covering them with a thin conductive film (e.g. metal thin film). More details about

SEM technique can be found in [32].

A scanning electron microscope (SEM, Tescan Mira II and III) working at 30 kV 

equipped with detectors of secondary electrons (SE) and backscattered electrons 

(BSE) was used to observe and characterize the morphology of metal nanoclusters 

and their composites deposited on polished silicon substrates.

2.2.10 Transmission Electron Microscopy (TEM)

Transmittion electron microscopy (TEM) is an effective and useful technique for 

study of structure of nanoparticles (with size ranging from few nm up to several 

hundred nm) and their composite thin films with polymer. Electrons transmitting 

through thin sample (typically up to 100 nm) can be absorbed or diffracted by the 

material. It is possible to register either the transmitted electrons (bright field image) 

or electrons diffracted into a certain direction (dark field beam). The bright field 

image displays areas of a material with different electron absorption while 

crystallographic structure is displayed in the dark field image. Crystallographic

structure of a material can be estimated from electron diffraction patterns by 

Selected-area Diffraction (SAD) analysis. A successful characterization and good 

contrast can be obtained for composite thin films with components having big 

difference in electron absorption. More about TEM can be found e.g. in [98,99].

A transmission electron microscope Jeol JEM-2000FX working at 200 kV (available 

at the Department of Physics of Materials of Faculty of Mathematics and Physics, 

Charles University in Prague) was utilized for measurements of thin films (thin films 

of metal (Ag, Al, Ti) nanoclusters, and their composites with plasma polymer) and 

characterization of their nanostructure and morphology. In case of nanocluster thin 

films the sub-monolayer was usually deposited to prevent overlapping of individual 

clusters. Nanocomposite thin films with thickness less than 100 nm were deposited 

on copper grids with carbon foils (S160, Agar Scientific). The obtained results in 

form of digital photographs were obtained and then further processed by an ImageJ 

software [100] in order to estimate size distribution of the nanoclusters.
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3 Results and Discussion

The following section Results and Discussion contains the experimental results 

obtained during my study at the Department of Macromolecular Physics in Prague. 

The experimental work deals mainly with the preparation of nanocomposite thin 

films of metal (metal oxides) with plasma polymer. Most of the presented work has 

already been published (or submitted) to impacted international journals listed at the 

end of the thesis. The first two parts of the presented work are focused on the 

preparation of Al/hydrocarbon plasma polymer nanocomposite thin films by 

magnetron sputtering of Al and either plasma polymerisation (part 3.1) or magnetron 

sputtering of polypropylene (part 3.2). The results obtained on the nanocompotites 

with monodisperse structure initialized the experiments to the study of nanocluster 

formation, deposition and characterization (part 3.3). The last part (3.4) of the thesis 

describes the preparation of nanocomposite thin films with nanoclusters embedded 

into plasma polymer matrix.

3.1 Preparation of Al/C:H nanocomposite thin films by DC

magnetron sputtering of aluminium in argon/n-hexane gas mixture

The first step in implementing the aims of the current research work was the 

preparation of the nanocomposite thin films by DC reactive magnetron sputtering of 

aluminium in the gaseous atmosphere of argon/n-hexane. The samples were 

deposited in the vacuum chamber described in part 2.1.3a. The working pressure was 

kept constant at 1 Pa with flow rates of Ar and n-hexane of 20 sccm and 0.1-0.5 

sccm, respectively. The DC power supply (AE MDX 1.5K) operating in the constant 

current mode (0.4 A) was used for discharge operation.

3.1.1 Monitoring of the Al/C:H deposition process by OES

Optical emission spectroscopy (OES), described in 2.2.2, was utilized for discharge 

characterization. The emission lines and bands were assigned with the help of the 
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atomic spectral line database [101] and according to [102]. The typical OES spectra 

taken from the discharge in Ar, n-hexane and Ar/n-hexane gas mixture are shown in

Figure 3.1. The spectra were acquired after the discharge stabilization (i.e. after at 

least 5 min when the discharge was started). 
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Figure 3.1. The OES spectra taken in discharge of: a) pure Ar, b) gas mixture of Ar 

and n-hexane, c) pure n-hexane.
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Sputtering in pure argon leads to intensive emission of Al atoms. This results in 

appearance of number of intense Al emission lines in OES spectra (Figure 3.1a). 

When adding even a small amount of n-hexane (about 1%) to argon, a significant 

decrease of emission intensity of Al lines was observed (Figure 3.1b). When the 

discharge is started in pure n-hexane, there is no emission from Al atoms and the 

OES spectrum consists of the CH band and atomic hydrogen lines (Figure 3.1c). The 

dramatic decrease of aluminium emission is readily explained by the poisoning 

effects when the surface of the target gets covered by a dielectric polymer layer 

formed by plasma polymerization process. Thus, the amount of Al in the resultant 

films depends strongly on the composition of working gas mixture (argon/n-hexane 

concentration). Maintaining the exact composition of the working gas mixture along 

the deposition process is rather difficult due to the low concentration of n-hexane 

(raging from 0.5 to 2.5%), therefore the OES analysis may serve as a powerful tool 

for controlling the deposition of the films with required composition.

3.1.2 Degradation of deposited nanocomposite thin films stored in the 

ambient air and UV-Vis measurements

Nanocomposite thin films deposited onto glass substrates usually have brown colour 

just after the deposition as it can be seen in Figure 3.2a. However, an interesting 

effect was observed when storing the samples in open air. The drastic changes in the 

samples colour were observed. After about 100 min storage the nanocomposite film 

became completely transparent. (Figure 3.2d). The gradient of degradation seen on 

Figure 3.2c is evidently due to gradient in the sample thickness.
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a) b) c) d)

Figure 3.2. The photos of the degradation of Al/C:H nanocomposites film (thickness 

of 300 nm) in the ambient atmosphere: a) as deposited; b) 20 min; c) 40 min; d) 100 

min.

The observed effect of such degradation was confirmed by UV-Vis measurements 

(Figure 3.3). The nanocomposite Al/C:H was deposited on a glass substrate. After 

the sample was removed from the vacuum chamber, it was immediately transferred 

to the UV-Vis spectrometer and continuous measurements of UV-Vis spectra were

started. After several scans with 10 min time interval in-between, the value of 

transmittance reached maximum and was almost the same as for uncoated glass 

substrate. The thickness of nanocomposite thin film was about 300 nm, thus, some 

interference was observed in the UV-Vis spectra.
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Figure 3.3. UV-Vis measurements of Al/C:H nanocomposite thin film deposited on 

glass substrate. Thickness of the composite is 300 nm. The total transparency was 

observed after 1 hour in the ambient air. 

3.1.3 Chemical structure examined by FTIR and XPS

FTIR and XPS techniques were chosen for detailed investigation of the aging process 

of Al/C:H thin films under the usual atmosphere and for characterisation of the 

nanocomposite thin films from the chemical point of view. 

The FTIR spectra of the Al/C:H nanocomposite thin film deposited on gold-coated 

glass and measured at different aging (storage) time of the sample are shown in 

Figure 3.4. After the deposition, the sample was transferred to the infrared 

spectrometer flushed by dry air, and the measurement was started immediately. Thin 

film was measured continuously with some time interval during almost 20 hours. The 

FTIR spectra obtained immediately after transferring the sample to the spectrometer 

and after 20 hours of storage in FTIR spectrometer showed no visible difference. 
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That seems to be in contradiction with the results obtained by UV-Vis reported in 

3.1.2. The discrepancy is given by the fact that the FTIR spectrometer is 

continuously flushed with dry air and, evidently, no chemical reactions noticeable by 

FTIR occurred in dry air atmosphere. The chemical structure of the composite 

remained the same as well as the brown colour of the sample even after 20 hours of 

storage.
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Figure 3.4. The FTIR spectra of Al/C:H nanocomposite deposited by DC sputtering 

in argon/hexane gas mixture (concentration of n-hexane 1%). The sample was 

measured immediately (black), after 20 hours storage in dry air (blue), 30 min 

storage in the ambient air with RH60% (red).

The identification of the FTIR peaks was based on the data published in [103–110].

The spectra measured immediately after the deposition (black curve) and after 20 

hour storage in dry air are identical. The absorption peak in the wave-number range 

between 750 cm-1 and 830 cm-1refers mainly to aluminium carbide with possible 

contribution from the aluminium oxide Al-O (660 cm-1) and Al2O3 (900 cm-1)
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species. The peak observed around 1800 cm-1 is assigned to stretching vibration of 

the C=O groups. The wide peak detectable between 2700-3000 cm-1 corresponds to 

the C-H groups. Low intensity of this peak confirms predominantly inorganic nature 

of deposited film.

The upper (red) spectrum was obtained for the same sample that was removed from 

the FTIR spectrometer and stored 30 min in the ambient atmosphere with relative 

humidity RH60%. The sample degraded and its chemical structure completely 

changed. As it was shown above, the “fresh” composite film consists mostly of Al 

carbides. Due to the following chemical reaction 

Al4C3+12H2O=4Al(OH)3+3CH4 (11)

aluminium carbide reacts with water (water vapours in the air) and as a result 

aluminium hydroxide and methane are formed. This is in agreement with the FTIR 

spectrum which shows the appearance of Al hydroxides and O-H groups in the range 

between 3000 cm-1 and 3700 cm-1. The band at 1630 cm-1 is attributed to the 

vibration of O–H groups which arise from the adsorption of water by Al–OH [110].

The AlCH3 species are observed by the C-H stretching vibrations between 2800 and 

3000 cm-1 and the symmetric Al-CH3 deformation mode at 1212 cm-1 [103]. The 

intense peak at 1020 cm-1 is due to Al-O-Al stretching vibration [110].

The presence of aluminium carbides in the Al/C:H thin film (detected by FTIR) and 

their “transformation” to Al oxides/hydroxides by reaction with water vapours was 

also confirmed by XPS. Figure 3.5 shows deconvolution of the C 1s and Al 2p high 

resolution spectra of the sample deposited in the mixture of argon and n-hexane with 

1% of n-hexane concentration. The sample was measured 3 times by XPS with 

different storage time in the ambient atmosphere: a) immediately after the deposition; 

b) after 1 hour in the air; c) after 12 hours in the air.
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Figure 3.5. The C1s and Al2p XPS of Al/C:H nanocomposite thin film: a) measured 

immediately after the deposition; b) after 1 hour in the air; c) after 12 hours in the air.

The spectra were referenced at 285.0 eV, the binding energy of aliphatic C-C and C-

H bonds. Additional fitting components were added at 289.0 eV (C=O), 286.5 eV 

(C-O), 283.0 eV (C-O-Al) and 281.5 eV (C-Al). The Al 2p high resolution XPS was

fitted by the three peaks: Al metal near 72.2 eV, Al-C near 72.9 eV and Al 

oxide/hydroxide near 74.5 eV for all three measurements [111–115]. XPS is a 

surface sensitive method, thus it is not surprising that the most pronounced peak 
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corresponds to Al oxide/hydroxide with the peak area increased from 65% to 94% 

with aging time of the examined sample. The XPS spectra show relatively high 

content of aluminium carbides in the deposited Al/C:H nanocomposites that is in 

agreement with the FTIR measurements. Original structure of the nanocomposite 

immediately after the deposition contains aluminium carbide that subsequently reacts

with water vapours and completely or partially transform into aluminium 

oxide/hydroxide.

The conclusion from the results obtained by XPS and FTIR above can be 

summarised as it follows. During magnetron sputtering of Al in argon/n-hexane gas 

mixture aluminium carbides are formed (in the discharge volume or on the substrate).

Al atoms bind to C, O or OH and there is almost no free aluminium to form Al 

clusters as inclusions in the plasma polymer matrix. As a result, atomically dispersed

nanocomposite thin film is prepared, as witnessed by TEM images presented in 

Figure 3.6. Thus, the structure of Al/C:H thin films is similar to Ti/C:H 

nanocomposites e.g. prepared by Grinevich at al. [86] but it is very different from the 

composites such as Ag/C:H [71].

Figure 3.6. The TEM micrographs of atomically dispersed Al/C:H nanocomposite 

thin film prepared by Al magnetron sputtering in argon/n-hexane mixture.
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3.2 Nanocomposite thin films Al(AlxOy)/hydrocarbon plasma 

polymer deposited by simultaneous closed-field magnetron co-

sputtering

Nanocomposite thin films Al/pPP were deposited using the experimental set-up 

described in 2.1.3b by simultaneous magnetron sputtering from Al and PP targets. 

The rotatable substrate holder was mounted between these two magnetrons with 

slightly unbalanced magnetic field that allowed generating the closed-field discharge 

around the substrate holder. The advantage of this set-up is the ability to prepare

several samples in one batch (up to 8 glass slides). The experimental set-up provides 

the ability to control the deposition parameters for each component (aluminium and 

polymer) independently. Thus, the ratio of Al/pPP in the resultant nanocomposites 

can be easily varied by applied power to each magnetron. The deposition rates of 

aluminium and polypropylene were monitored by QCM placed near each magnetron.

The described apparatus has also some drawbacks. One of them is that the use of the

large rotatable substrate holder reduces significantly the deposition rate per unit area.

This is particularly notable during sputtering of plasma polymer. Generally, the 

sputtering rate for polypropylene is relatively low, ranging from 3 to 12 nm/min 

[116] for usual non-rotatable substrate placed 5 cm from the magnetron. In the case

of rotating substrate, the situation is rather worse and the deposition rate is for 

instance around 0.5 nm/min with RF power 30 W and working pressure of argon 2

Pa. The second problem is caused by the necessity of venting the chamber prior to 

each sample exchange because of the inability to use the load-lock system for such a 

big substrate holder. The venting procedure causes unwanted contamination of the 

chamber walls (e.g. water vapour adsorption) and, thus increases the pumping time 

needed to reach sufficient vacuum. 

A series of the nanocomposite thin films with different filling factor were deposited 

(see Table 1). The filling factors of aluminium in prepared films were estimated 

from the deposition rates of aluminium and polypropylene obtained by QCM 

detector. The thicknesses were calculated using a Sauerbrey equation:

∆� = −�� × ∆� (12)
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where ∆� is frequency change in Hz (measured by QCM), �� – sensitivity factor for 

the crystal (in our case �� = 0.0566 ��/��/���), ∆� – change in mass per unit 

area. When the mass of the deposit is obtained from (12), the thickness can be easily 

calculated if the density of the material is known. The densities of aluminium and 

plasma polymer components are assumed to be the same as the ones of the bulk 

materials, i.e. densities ���~2.70 �/��� and ���~0.9 �/��� were taken. The 

deposition conditions alongside with thicknesses and filling factors are given in 

Table 1.

Table 1. The deposition parameters for a series of Al/pPP thin films.

Sample
DC current RF power Thickness Filling factor

A W nm

pPP film --- 35 11 0

Al/pPP_01 0.04 30 32 0.18

Al/pPP_02 0.05 30 28 0.26

Al/pPP_03 0.09 70 77 0.64

Al/pPP_04 0.06 30 45 0.77

Al film 0.05 --- 21 1

The FTIR spectra (normalized for the film thickness) of the composite Al/pPP films 

are presented in Figure 3.7. The identification of the peaks was based on the data 

published in [103,104,106–110,117–119]. The chemical structure of the 

nanocomposite films is complex and reflects the changes in the filling factor. The 

most interesting wave-number range of the spectra lies between 600 cm-1 and 1000 

cm-1 with developing broad absorption bands of the inorganic groups. The spectrum 

of the pure plasma polymer hydrocarbon film (black) does not contain any detectable 

absorption peak of aluminium-based species. With increased content of aluminium,

the absorbance band appears at 590 - 1200 cm-1 as a result of overlapping of the O-

A1-O bending mode (650-700 cm-1), A1-O stretching mode (750-850 cm-1), Al-CH3

stretching mode (1000-1200 cm-1) and the most intensive peak around 900 cm-1

which is associated with Al2O3. 
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Figure 3.7. The FTIR spectra of Al/pPP nanocomposite thin films with different 

content of Al (filling factor). The values of filling factors are listed in the figure on 

the left. Absorbance of the films is normalized to the uniform film of thickness 100

nm. 

The stretching vibration of C=O near 1700 cm-1 corresponds to oxidation of the 

polymeric matrix. Typical symmetric and asymmetric stretching vibrations of 

hydrocarbon groups –CH2 and –CH3 (2850–2950 cm-1) and corresponding bending 

vibrations (1380 cm-1 and 1460 cm-1) are clearly distinguishable especially in the 

spectra of the composite films prepared with low filling factor. The wide peak 

detectable between 3100 cm-1 and 3700 cm-1 is assigned to the stretching vibration of 

the O-H groups.

The presence of oxygen containing groups in the FTIR spectra is rather unexpected 

as no oxygen was deliberately introduced into the deposition chamber. It can be 

rationalized by taking into account the fact that the typical deposition time was 

around 1 hour and the deposition was performed in HV (high vacuum) chamber,

which always has unavoidable leakage. Also, desorption of water molecules from the 
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walls cannot be neglected for such long deposition times. On the other hand, the 

oxidation of the film can also occur in the ambient air after the sample is removed 

from the deposition chamber, as it was described in section 3.1. 
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Figure 3.8. The Al 2p XPS spectra of Al thin film and Al/pPP nanocomposites with 

different filling factor.

The presence of Al oxide/hydroxide in the nanocomposite thin films was also 

confirmed by XPS. The high resolution spectra of the Al 2p peak for aluminium thin 

film (on the bottom) and Al/pPP nanocomposites with different filling factor are 

shown in Figure 3.8. Only in case of Al the peak corresponding to the metallic phase

(binding energy close to 72 eV) was observed. For all composite thin films 

containing aluminium the XPS shows the presence of Al oxide/hydroxide groups 

without any metallic aluminium. 

Thus, the method described in this section allows preparing the Al oxide/plasma 

polymer thin films with different filling factors. The Al/oxide(hydroxide) groups, 

detected by FTIR and XPS, were formed due to oxidation by residual gas in the 

deposition chamber or/and because of post-deposition oxidation in the ambient air. 
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3.3 Preparation of metal/metal oxide nanoclusters by the gas 

aggregation cluster source

The results of the previous experiments (see part 3.1 and 3.2) on the Al/C:H 

nanocomposites prompted the experiments with nanoclusters and their embedding 

into the plasma polymer matrix in order to obtain heterogeneous composites with 

visible interface between the polymer matrix and embedded inclusions. The 

following section considers the formation and deposition of metal/metal-oxide 

nanoclusters by the gas aggregation cluster source. Ag, Al/AlxOy and TiOx clusters 

are considered here. First and second sub-sections deal with Ag and Al/AlxOy, 

respectively. In the last sub-section (3.3.3) the attention was paid to the study of 

oxygen influence on the formation and deposition of nanoclusters (particularly Al 

and Ti).

3.3.1 Preparation and characterization of Ag nanoclusters

First, unreactive silver was chosen as a model material for testing the gas aggregation 

cluster source, for optimisation of the deposition process and for finding the 

parameters influencing the basic properties of the nanoclusters.

For the deposition of silver nanoclusters the cluster source (see part 2.1.2) was 

utilized. First, Ag clusters were deposited on the substrates perpendicular to the 

cluster source axis. Under these conditions, the cluster size varied from a few nm up 

to 100 nm (see Figure 3.9) and the mean size of the clusters was found to be strongly 

linked with the operational parameters used. 
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Figure 3.9. The SEM micrographs of the clusters deposited using a) 1.5 mm orifice, 

gas flow rate 3.5sccm and b) 3.0 mm orifice, gas flow rate 10 sccm. Pressure in the 

cluster source was 75 Pa, magnetron current 200 mA, deposition time 120 s.

In general, the first parameter that governs the size of the clusters is their residence 

time tR in the aggregation chamber. The residence time is dependent on the length of 

the aggregation chamber, diameter of the output orifice of the cluster source, 

pressure and gas flow. In order to evaluate the effect of tR on the created clusters, the 

following experiment was done: the clusters were deposited at a constant pressure of 

75 Pa and aggregation chamber length 90 mm but at different Ar flows. Since the 

pressure and flow cannot be in the present configuration varied independently, 

different flows at given pressure were achieved by changing the diameter of the 

output orifice of the aggregation chamber. As seen in Figure 3.9 showing the SEM 

micrographs of the samples, increasing the gas flow, i.e. decreasing the residence 

time of the clusters within the aggregation chamber, results in the deposition of 

smaller clusters.

The second parameter that influences the size of the clusters is magnetron current 

which determines the amount of sputtered material. It has been observed that the size 

of the clusters increases slightly with increasing magnetron current (Figure 3.10). 
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Figure 3.10. The SEM images of Ag nanoclusters deposited on Si substrates in 

dependence on applied magnetron current: a) 0.1 A; b) 0.3 A, c) 0.5 A. Argon was 

used as a working gas with aggregation pressure kept 200 Pa. 

The above shown dependence of the Ag cluster size on applied magnetron current 

can be explained as follows. The increase of magnetron current simply means the 

increase in sputtering rate of silver. Thus, the concentration of silver atoms in the gas 

phase available for cluster formation is significantly higher [120]. As a result, more 

attachment events of Ag atoms to the nanoclusters occur leading to enhanced cluster 

growth.

Other parameters important for possible use of nanocluster sources are charge of the 

produced nanoclusters and their velocities. The experiments and calculations pointed 

on the evaluation of these two parameters are described in subsequent sections.

a) Determination of the cluster charge

When the retarding grid voltage was switched off, all the clusters reached QCM

located behind them (see part 2.1.2). In the case of -1 kV applied to the grid, the 

negatively charged clusters were repelled and the beam reaching the QCM consisted 

of positively charged clusters as well as of neutrals. Vice versa, with +1 kV applied 

to the grid only the mixture of negatively charged and neutral clusters passed through 

onto the QCM. These experiments enabled to determine independently the deposition 
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rate of the negative, the positive and the neutral clusters. The deposition rates of 

these types of clusters were observed to depend strongly on the power delivered to 

the magnetron (see Figure 3.11).
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Figure 3.11. Deposition rate as mass per unit of time and area of all landed neutral, 

positively and negatively charged clusters in dependence on the magnetron current 

(working pressure 75 Pa, Ar flow 3.5 sccm, diameter of the output orifice 1.5 mm).

When magnetron current was increased from 0.1 to 0.4 A at the working pressure of

75 Pa, Ar flow rate of 3.5 sccm and the diameter of the cluster source exit orifice of 

1.5 mm, the amount of mass carried by neutral and positively charged clusters 

increased markedly in contrast to the negatively charged clusters whose mass amount 

remained almost constant. This finding is important for the real application of cluster 

sources: in order to increase the landing speed of clusters on the substrates, most of 

the studies used acceleration of negatively charged ions that were found to represent 
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only a small fraction of all produced Ag clusters (in terms of carried mass) and their 

amount is even markedly lower than that of the positively charged ones.

In order to obtain detailed information regarding the size distributions of the charged 

clusters, further measurements with the deflection plates were performed. In order to 

visualize each group of clusters corresponding to the particular deflecting voltage, 

carbon foils on Cu grids were positioned in place of QCM. The results for negative 

and positive clusters that were deposited for 0.5 min (surface density of clusters on 

the substrate was kept low to avoid their coagulation) at 75 Pa pressure, magnetron 

current 200 mA and output orifice of the cluster source 1.5 mm are presented in 

Figure 3.12 and Figure 3.13, respectively. It can be seen that the increase of

deflection voltage from 30 to 400 V causes the increase of the mean size of deflected 

clusters from 12 nm to 33 nm for both cluster types observed at a chosen point of the 

receiver. 

Next, QCM was used to measure overall mass per unit of time and area (deposition 

rate) always for a group of clusters corresponding to the particular deflecting voltage 

(Figure 3.12 and Figure 3.13). The result of these experiments is presented in 

Figure 3.14. It seems that smaller clusters tend to be negative while bigger clusters 

are mainly positive, provided that their velocities vcluster depend on their mass mcluster

less than vcluster mcluster
-1/2.
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Figure 3.12. TEM micrographs (left) and corresponding size histograms (right) of 

negative Ag clusters as dependent on applied deflection voltage. (Working pressure 

75 Pa, Ar flow 3.5 sccm, diameter of the output orifice 1.5 mm).
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Figure 3.13. The TEM micrographs (left) and corresponding size histograms (right) 

of positive Ag clusters as dependent on applied deflection voltage. (Working

pressure 75 Pa, Ar flow 3.5 sccm, diameter of the output orifice 1.5 mm).
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Figure 3.14. The deposition rate as mass per unit of time and area carried always by 

a group of clusters deflected by particular deflecting voltage (working pressure 75 

Pa, Ar flow 3.5 sccm, diameter of the output orifice 1.5 mm).

b) Determination of the cluster velocity

Since the pressure inside the source is usually from several Pa to several hundred Pa 

and the velocity of the carrier gas flow inside the source is some tens of cm/s, the

carrier gas can be treated as viscous laminar flow. Under such conditions even the 

nanoparticles have much bigger cross-section than the atoms of the carrier gas and

their velocity is roughly equal to the drift velocity of the gas. However, such 

continuum approximation is not appropriate for the area near the orifice, where a 

pressure drop of several orders of magnitude occurs over the length of several 

millimeters. This is accompanied by a strong acceleration of the carrier gas flow due 

to expansion. Since the mass vs. cross-section ratio of the nanoparticle increases with 

its diameter and the carrier gas density decreases during expansion, the heavier 

particles do not undergo enough collisions with light gas atoms to equalize their 

velocity and direction with the gas.
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The acceleration of the nanoparticles near the orifice with purely conical walls has 

been nicely treated by Smirnov et.al. in [121]. The analytical theory leads to the 

dependency of the final velocity � of the nanoparticle on its mass � in the form

� ≈ ���/� for a particular pressure and temperature in the source. For the source 

with the pressure 75 Pa at room temperature and orifice of the diameter 1.5 mm, this 

calculation predicts the speed of 30 m/s for silver nanoparticles of 5 nm in diameter 

and 7 m/s for nanoparticles of 40 nm in diameter.

We have used computer simulation of the flow and nanoparticle acceleration both in 

a purely conical orifice and in an orifice with cylindrical section. The comparison of 

the velocity profile of the model silver nanoparticles along the orifice axis for both 

cases is shown in Figure 3.15. Although the velocity profile for the two cases is 

different, the final velocity of the nanoparticles is almost the same. This calculation 

predicts significantly higher velocities of the nanoparticles in comparison with the 

analytical theory, 80 m/s instead of 30 m/s for the particles having the diameter of 5 

nm and 30 m/s instead of 7 m/s for the 40 nm particles.

Figure 3.15. The calculated axial profile of the particle velocity in dependence on 

the particle size and the shape of the orifice (x=0 mm).
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Using the electrostatic deflection setup and the TEM images to measure directly the 

diameter of the deflected clusters (Figure 3.16), the initial velocity of the clusters 

can be determined by a simple theoretical model. Under the assumption that the 

clusters were singly charged (1e), the measured velocity decreased with increasing 

cluster size from 200 m/s for 7 nm clusters to 30 m/s for 50 nm clusters. The clusters 

with the size close to 30 nm have the speed of about 50 m/s. This means that the 

clusters are deposited on the surface in the “soft-landing” regime characterized by 

their poor adhesion.

Figure 3.16. The electrostatic mass/charge separation of nanoparticles and histogram 

of their size obtained from the TEM micrographs. The extremes and limits of the 

histogram are used to estimate the maximal and minimal values of the velocity of the 

particles of the corresponding size. Only the trajectories of the lightest and heaviest 

particles that landed on the TEM sample at a particular voltage on deflection plates 

are shown for clarity.

Experimental evaluation of nanocluster velocities and their comparison with the 

theoretically predicted values is described in more details in ref. [122].
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3.3.2 Deposition of Al/AlxOy nanoclusters and their characterization

The first step of this investigation was to find out the deposition parameters leading 

to the effective production of Al nanoclusters. It was found that there exists relatively 

narrow “deposition window” in the range of 15-30 Pa suitable for cluster production 

(Figure 3.17). Therefore, for all further experiments the working pressure of 25 Pa 

was chosen as an optimal pressure for cluster deposition. This corresponds to 1 sccm 

Ar flow through the aggregation chamber. The cluster source was flushed for 30 

minutes by the argon/oxygen gas mixture (with ratio 1:1) prior to each experiment. 

Under these conditions, the deposition rate was found to be well reproducible and 

stable for deposition times longer than 20 minutes (see part 3.3.3 about oxygen 

influence on cluster deposition).

a) b) c) d)

Figure 3.17. The photos of Al nanocluster spots deposited on glass substrates placed 

5 cm from the orifice. Magnetron current 0.2 A, deposition time 2 min, aggregation 

pressure: a) 15 Pa; b) 20 Pa; c) 25 Pa; d) 30 Pa.

Regarding the influence of the applied DC magnetron current, it was found that the 

deposition rate of aluminium nanoclusters increases with increasing current. When

the DC current increased from 0.2 A up to 0.4 A, the deposition rate increased from 9

nm/min to 15 nm/min, respectively. This effect can be easily understood: the higher 

the magnetron current is applied the higher the sputtering rate can be reached. As a 

result, there is more material available for nanoclusters production and their amount 

increases. However, the increase of the magnetron current is accompanied 



66

surprisingly also by the decrease in size of the produced nanoclusters, i.e. trend 

opposite to the case of Ag nanoclusters. This is demonstrated in Figure 3.18, where 

the SEM images of Al nanoclusters deposited at 25 Pa pressure in the aggregation 

chamber and two different DC currents are presented. For instance, when the 

magnetron current is increased from 0.2 A to 0.4 the mean diameter of deposited 

nanoparticles decreases from 60 nm down to 28 nm. This behaviour, that was 

observed also for Ti nanoclusters [39], is not fully understood, yet. Possible 

explanation may be that with higher amount of sputtered material the probability of 

formation of nucleation centres increases. However, most of sputtered Al atoms may 

be consumed already in this phase and there is not enough material to form big 

clusters by subsequent atomic vapour condensation. The second point is that 

increasing magnetron current causes an increase of temperature, which has a 

significant role on cluster formation and size limitation [42].

Figure 3.18. The SEM images of Al clusters deposited with different magnetron 

current: a) 0.2 A, 2 min; b) 0.4 A, 0.5 min. Aggregation pressure 25 Pa. µ - mean 

particle diameter, σ – standard deviation.
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Finally, using two stainless-steel grids (see section 2.1.2 and Figure 2.3) it was 

found that the majority of nanoclusters leaving the gas aggregation source is

negatively charged. In particular, it was observed that the mass fraction of the 

negatively charged nanoclusters represents 55% of all produced nanoclusters, 

whereas the fraction of neutral nanoclusters was 35% and less than 10% of the 

nanoclusters were positively charged.

The confirmation that the most of Al nanoclusters are negatively charged was 

obtained by the experiment with deflection plates mounted close to the orifice as it is 

shown in Figure 3.19. When the cluster beam passed through the deflection plates 

with applied voltage (400 V in total), the charged nanoclusters were separated and 

should be deposited on the substrate outside the spot centre (marked by yellow 

circle) as it is denoted by blue and red lines in Figure 3.19. From the photo of the 

resulted deposit one can see that the amount of the negatively charged clusters (top 

side) is significantly higher that of the positive clusters (bottom side). Evidently, the 

centre of the deposit contains the neutral clusters which of course are unaffected by 

electric field. However, some charged nanoclusters having higher mass or/and 

velocity can also reach the spot centre. 

Figure 3.19. Al nanoclusters deposited on Si wafer after the deflection by metallic 

plates with applied voltage. The cluster beam passed between deflection plates. The 

voltage +200 V and –200 V were applied to the top and bottom plates, respectively. 

In spite of the fact that the gas aggregation source was flushed by oxygen prior to 

each set of depositions, the prevailing character of the nanoclusters remained to be 
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metallic one. This can be seen in Figure 3.20a, presenting the Al 2p high resolution 

XPS peak of deposited Al nanoclusters. The deposit was transferred to the XPS 

chamber under vacuum, thus oxidation that could occur in the open atmosphere was 

avoided. Deconvolution of the Al 2p peak shows that the fraction of metallic 

aluminium is more than 70%. However, already after 15 minutes storage in the 

ambient air the Al nanoclusters show the significant oxidation with metallic part 

decreasing to 50% (Figure 3.20b). Further oxidation of Al nanoclusters in the 

ambient air and subsequent XPS measurements still reports partially metallic state of 

Al nanoclusters with metallic fraction around 30% that corresponds to the Al oxide 

thickness of about 3.5 nm [123].

The conclusion drawn from the investigation of aging behaviour of Al nanoclusters 

can be as follows: most probably the Al nanoclusters after short storage on open air 

have a core-shell structure with metallic core covered by thin (3-4 nm) 

oxide/hydroxide film.
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Figure 3.20. The Al 2p XPS of aluminium nanoclusters deposited on Si wafer and 

measured immediately after the deposition without exposing to the atmosphere and 

after storage in the ambient air for different time: 15 min, 1 day, 1 month. Deposition 

conditions: current 0.2 A, aggregation pressure 25 Pa. The cluster source was flushed 

by argon/oxygen gas mixture prior to the deposition.

3.3.3 Oxygen influence on the formation and deposition of metal 

nanoclusters deposited by the gas aggregation cluster source

a) The role of oxygen during Al clusters formation and deposition

It was observed that the deposition process of metal nanoclusters is often unstable 

and not reproducible. Similar problems were reported in [46,48,124]. We found that 

the deposition rate of Al clusters can vary during the experiment and, finally, after 
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extended periods of discharge running (usually up to 1 hour) the cluster deposition 

can even stop at all. The explanation of such undesirable behaviour can be hidden in: 

presence of residual gases, water vapour in the gas aggregation cluster source, target 

oxidation or contamination. All of these factors may serve as a source of oxygen 

admixed to argon working gas, thus influencing the cluster formation process (e.g. 

Marek at al. [48] reported the effect of oxygen on deposition process of Cu 

nanoclusters). Due to high reactivity of aluminium its oxide can be easily formed 

acting further as nucleation centres (seeds) for nanocluster growth. So, if the 

discharge is running long enough possible target cleaning and decontamination of the 

aggregation chamber leads to decrease of presence of oxygen impurities in the 

aggregation chamber, which lowers the rate of production of nanocluster seeds and in 

turn results in the vanishing of Al cluster beam.
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Figure 3.21. The deposition rate of Al nanoclusters in dependence on the oxidation 

procedure prior to the experiment.
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In order to clarify the role of oxygen contamination on Al cluster deposition process, 

the following experiments were conducted:

 Step 1. The discharge was running (DC 0.2 A, 25 Pa of argon) as long as the 

deposition of the nanoclusters was observed (detected by QCM);

 Step 2. After the cluster beam vanished and no deposition was observed, the 

cluster source was flushed with oxygen or argon/oxygen for different time

durations. (There was no discharge during this gas flushing);

 Step 3. The discharge was started (in argon atmosphere) again and the 

deposition rate was measured as in the step 1.

The results of the experiments described above are presented in Figure 3.21. It 

shows that if the oxidation (contamination) process is too short (5-15 min) at given 

gas flow rates, the cluster deposition will stop soon (usually after 1 min). When the 

cluster source was flushed for 30 min by the argon/oxygen gas mixture (with ratio 

1:1) prior to the experiment, the stable cluster deposition was detected during at least 

next 20 min (graph shows only the first 10 min).

The obtained result was utilized in sections 3.4 in order to obtain comparable and 

reproducible results in preparation of Al/C:H nanocomposites. So, the cluster source 

was flushed by argon/oxygen gas mixture for 30 min prior to each experiment.

b) Ti nanoclusters prepared with oxygen admixture

Recently, several publications concerning TiOx nanoclusters were published by 

Drabik at al. [39–41] but no discussion about the role of oxygen or gas impurities on 

Ti cluster formation and deposition was done. Most of the following results were 

obtained during my stay at the Institute for Materials Science, Christian-Albrechts-

University in Kiel, Germany [125]. In this work, detailed investigation of the 

influence of both oxygen contamination and controlled oxygen admixing on 

formation of titanium clusters is presented.

The effect of oxygen admixing on the TiOx cluster deposition rate can be seen in 

Figure 3.22. Without additional oxygen under high vacuum conditions low 
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deposition rate of TiOx clusters is observed. This is however an effect from the 

residual gas in the chamber after previous experiments or venting. In a completely 

clean chamber after bake-out, no deposition can be detected at all in the range of 

deposition parameters (pressure, gas flow, magnetron current) achievable in the 

deposition system. When the proper concentration of oxygen is admixed (e.g. 0.05 

%) the deposition rate will increase until it reaches a constant value. If the flux of 

oxygen is increased above certain value (in our case the limit value was 0.34 %), the 

deposition will drop down to zero. After subsequent decrease of amount of oxygen 

introduced into the chamber the formation of Ti nanoclusters can be observed again. 

This happens around 0.12% of oxygen in the total gas flow. From this behaviour it 

appears that at some point, optimal concentration of oxygen admixture can be 

reached that leads to a maximum in deposition rate: both low and excessive amount 

of oxygen prevents formation of Ti nanoclusters.
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Figure 3.22. The deposition rate of Ti clusters in dependence on oxygen admixture. 

Magnetron current 0.2 A, working argon pressure 150 Pa.

It is easy to explain why the cluster deposition rate vanishes when a high flux of 

oxygen is introduced into the aggregation chamber. It causes oxidation of the target 
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and at some point builds up a dielectric layer on top of the target and reduces the 

sputtering yield. In this state, insufficient amount of titanium is sputtered to form

clusters. However, the strong increase of the deposition rate with small amount of 

oxygen is a very interesting fact that will be further investigated.

Figure 3.23 describes the time evolution of the deposition rate without additional 

oxygen used for Ti cluster production. Before this experiment, the chamber was 

vented and then pumped down to 10-4 Pa. After this, the discharge is started at 200 

Pa of argon and the deposition rate was measured. From this declining curve we 

conclude that a residue of oxygen is consumed in the chamber in the process of 

cluster formation. The most probable sources of oxygen are water and carbon oxides 

desorbing from the walls of the cluster source when heated by the discharge.
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Figure 3.23. The decrease of the deposition rate of Ti nanoclusters with sputtering 

time. Argon working pressure 200 Pa, magnetron current 0.2 A.

If the system is baked out and no oxygen is used in the discharge, only for a short 

time of about 2 minutes the deposition rate of clusters can be seen. This is caused by 

oxygen that was left on the target itself in the form of oxides and which gets released 

by sputtering. 
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The behaviour of Ti as well as Al is different as compared to the behaviour of other 

metals such as copper [126] or silver [43], which show high cluster deposition rates

without any reactive gases and also only a small dependence on oxygen 

concentration [48]. The difference can be connected with the sputtering yields and 

with binding energies of the diatomic metals with oxygen, shown in Table 2.

Table 2. Sputtering yields and binding energies for some materials [127,128].

Silver Copper Titanium Aluminium

Sputtering Yield (Ar, 500 eV) 3.12 2.35 0.51 1.05

Binding energy (Metal-Metal) 1.69 eV 2.08 eV 1.22 eV 2.74 eV

Binding energy (Metal-Oxygen) 2.29 eV 2.98 eV 6.91 eV 5.2 eV

Aluminium and titanium have significantly lower sputtering yield comparing to

silver and copper (for energy 500 eV). Therefore, the probability to create 

aggregation centres for cluster growth in case of Ti and Al is much lower at the same 

magnetron power. It means that it is necessary to apply much higher power in case of 

Al and Ti than for Cu and Ag in order to get the same concentration of sputtered 

material. On the other hand, higher power leads to the increase of the temperature 

which can cause destruction (evaporation) of metallic nucleation centres (if any) in 

case of Al and Ti. Thus, the hint how to prepare pure Ti or Al clusters (without 

oxygen) can be the utilization of liquid nitrogen (LN) cooling of the gas aggregation 

chamber. In our set-up the GAS was water cooled.

The Al-O and Ti-O bonds are much stronger than Al-Al and Ti-Ti and this insures 

the stability of oxide condensation seeds even at higher power applied and also high 

rate of their formation (high reactivity as compared for instance to Cu or Ag) is 

expected. 

Thus, we can conclude that oxygen (or other reactive gases) plays a very important 

role in Ti and Al cluster formation and deposition. However, very low concentration 

of O2 admixture is necessary (less that 1 %) and the attention should be paid to the 

sustaining of this exact concentration along the whole experiment in order to have a 

stable deposition rate of nanoclusters.
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3.4 Nanocomposite thin films with Al(AlxOy) clusters embedded 

into hydrocarbon plasma polymer matrix

Nanocomposite thin films were deposited by co-deposition from the independent 

sources: the source of Al clusters and the source of hydrocarbon plasma polymer, as 

it is depicted in Figure 2.6 (part 2.1.3b). The main advantage of this approach is the 

possibility to vary the deposition parameters for the metal clusters and for the plasma 

polymer matrix independently and this in turn allows easy change the cluster size and 

the filling factor of the composite. The deposition of the plasma polymer is uniform 

(homogeneous) on the substrate area of diameter at least 5-6 cm. However, this is not 

the case of the cluster deposition. The beam of clusters exits from the cluster source 

with a certain divergence. This results in a production of axially symmetric deposits

with a non-uniform thickness across its diameter. A typical cross-section of the 

nanocomposite thin film containing aluminium nanoclusters deposited at 0.2 A, 25 

Pa simultaneously with hydrocarbon plasma polymer prepared at 100 W, 0.5 Pa in 6

min is depicted in Figure 3.24a.
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Figure 3.24. The profile of the nanocomposite thin film with Al clusters embedded 

into the plasma polymer matrix (a). The digital photograph of the film (b). The 

deposition conditions: 0.2 A, 25 Pa – Al nanoclusters; 100 W, 0.5 Pa, Ar/n-

hexane=1/5 – plasma polymer matrix; deposition time 6 min.
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Most of the clusters are deposited in the centre producing inhomogeneity in the film 

thickness. Therefore, the prepared nanocomposite thin films have relatively small 

area of homogeneous structure around the cluster spot centre. The rest of the sample 

has the gradient structure with gradually decreasing concentration of cluster

inclusions in the hydrocarbon polymer matrix. A number of research groups have 

focused on the preparation of surfaces with a gradually varying structure and thus the 

properties along one (or even two) direction, so called gradient surfaces. Over the 

last two decades several methods have been developed for the preparation of gradient 

surfaces, mainly for biomedical purposes. More information about the preparation 

and application of gradient films can be found in refs. [129,130].

In spite of the fact that the Al/CH nanocomposites presented in the following section 

have inhomogeneous structure, for the investigation of the deposited samples usually 

only the most homogeneous area (around the cluster spot centre) was chosen. 

However, the UV-Vis and ellipsometry measurements were also performed along the 

gradient thin films while the plasma polymer matrix has the same thickness but the 

amount of cluster inclusions gradually decreases. 

An example of the nanocomposite thin film with Al nanoclusters of 60 nm in 

diameter embedded into the hydrocarbon plasma polymer matrix is presented in 

Figure 3.25, where the SEM micrographs show the cross-section and partly the 

surface. It can be seen that the nanocomposites have rough surface structure that is 

confirmed later by AFM.
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a) b)

Figure 3.25. The Al/ hydrocarbon plasma polymer prepared by co-deposition from 

the cluster source and the plasma polymer source. Al nanoclusters 60 nm in diameter 

are incorporated into the plasma polymer matrix with different thickness: a) ~ 250 

nm; b) ~ 130 nm.

In the current section, the preparation and basic properties of two different series of 

the nanoclomposite thin films with Al clusters embedded into the plasma polymer 

matrix is described. In the first subsection (3.4.1), the nanocomposites with 

nanoclusters of the same size incorporated into different plasma polymer matrices are 

considered. The second one (3.4.2) deals with the nanocomposite thin films Al/CH 

where the thickness of the hydrocarbon plasma polymer matrix is the same while the 

embedded clusters have different sizes. 

3.4.1 Nanocomposites with variable polymer matrix and the same cluster 

size.

We chose the experimental conditions for Al cluster deposition leading to the 

formation of the nanoclusters with the mean diameter of 60 nm and mean deviation 

not more than 5 nm (Figure 3.26a). The series of the nanocomposites with different 

filling factors were prepared. It was achieved by variation of RF power applied to the 

plasma polymer source. The variation of RF power from 40 W to 120 W provided 

the difference in the deposition rate of the hydrocarbon plasma polymer matrix and 

since the deposition rate of Al clusters was kept constant this resulted in production 

of coatings with filling factors ranging from 16% to 5%.
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Figure 3.26. The SEM images of Al clusters and their nanocomposites with plasma 

polymer and corresponding size distribution histograms: a) the clusters without 

polymer matrix; b) Al/C:H with polymer matrix deposited by RF power 40 W; c) 

Al/C:H with polymer matrix deposited by RF power 80 W; d) Al/C:H with polymer 

matrix deposited by RF power 120 W. Deposition time 2 min. µ – mean particles 

diameter, σ – standard deviation.
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The structure of the nanocomposites mentioned above as well as the Al clusters 

themselves were visualized by scanning electron microscopy and examples of 

acquired SEM images are presented in Figure 3.26 together with corresponding 

histograms of size distribution. In all cases, Al nanoclusters with the mean diameter 

around 60 nm (Figure 3.26a) were embedded into the polymer matrix with different 

thicknesses 33 nm, 55 nm and 70 nm corresponding to applied RF power 40 W, 80 

W and 120 W. Nevertheless, the SEM micrographs show considerably larger 

structures with increased mean diameter from 60 nm (pure clusters) to 87 nm 

(nanocomposite thin film with polymer thickness 70 nm) and the broadening of the 

size distribution histograms with corresponding standard deviation increased from 5 

nm to 17 nm, respectively. 

The above described results can be explained as follows. The nanocomposites were 

prepared by simultaneous deposition, thus Al clusters reaching the substrate were 

simultaneously covered by plasma polymer. The earlier the clusters approach the 

substrate the thicker plasma polymer film will be deposited on them appearing in 

SEM visualization as larger objects. As a result, broad size distributions with mean 

cluster diameters shifted to the higher values in comparison to pure clusters were

obtained. 

As it can be seen from the side view of the Al clusters/plasma polymer thin films 

(see SEM side view in Figure 3.25), the film surface seems to have rough structure. 

The topography of the samples was evaluated in detail by means of AFM. As can be 

seen in Figure 3.27a,b,c, where the 5×5 µm2 AFM scans and representative height 

profiles of Al clusters embedded into the plasma polymer matrix are presented, the 

surface topography has slightly different character with roughness (RMS) decreased 

from 30 nm to 25 nm with increased thickness of the plasma polymer from 33 nm to 

70 nm, respectively. 
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Figure 3.27. The 5×5 µm2 AFM images and representative height profiles of the 

nanocomposite films with the same clusters content and different plasma polymer 

thickness varied by RF power applied to the plasma polymer source: a) 120 W (70 

nm); b) 80 W (55 nm); c) 40 W (33 nm). 3D images have the same z scale.

The nanocomposite films were subsequently characterized by means of UV-Vis 

spectroscopy and spectroscopic ellipsometry. The measurements were done in two 

different ways. First of all, the samples were measured at the same position on the 

sample, in the centre of the cluster beam spot. The results are shown in Figure 3.28a

and Figure 3.29a. At the second step, the composite film with thickness of the 

plasma polymer matrix around 50 nm was measured along the gradient of Al cluster 

density in the composites (Figure 3.28b and Figure 3.29b).
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The UV-Vis spectra of the nanocomposites show the absorption maximum at 300 nm 

due to surface plasmon resonance. As it can be seen, the intensity of anomalous 

absorption does not depend on the filling factor but on the total amount of Al 

nanoclusters in the nanocomposite.

The left side (Figure 3.28a) shows the spectra of the nanocomposites with roughly 

the same amount of the clusters incorporated into the different plasma polymer 

matrices, while the right side (Figure 3.28b) corresponds to the nanocomposite thin 

films with different Al content in the same hydrocarbon plasma polymer matrix with 

thickness around 50 nm (gradient film).
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Figure 3.28. The UV-vis spectra of the nanocomposite thin films deposited on silica 

glass: a) the same number of Al nanoclusters incorporated into the plasma polymer 

matrices deposited at different RF powers (40 W – 120 W); b) different content of Al 

inclusions in the same plasma polymer matrix (50 nm) (gradient sample). 

The ellipsometry data were analyzed with the CompleteEASE software in order to

determine the optical constants of the thin films, the extinction coefficient in 

particular. The sample model consisted of 3 layers: a substrate (Si/silica glass/Au), a 

compact layer of Al/C:H composite and an EMA layer – Bruggeman mixture of void 

and compact layer material. The composite layer extinction coefficient was fitted by 

series of Gaussian oscillators (2-3), the EMA layer had adjustable void volume 
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fraction parameter. The final sample models were in good agreement with the UV-

Vis transmission measurements.

Extinction coefficients for each compact layer are given in Figure 3.29. The Al 

plasmon resonance peak (PR) locations for different samples are found in the range 

of 240-340 nm. According to Mie theory [131], a single unsupported Al cluster in air 

with diameter of 60 nm has PR peak at 228 nm (calculated with MiePlot [132]). 

However the polymer matrix, surface Al oxidation and vicinity of the substrate are 

the factors that cause a significant red shift of PR peaks and may introduce a second 

order PR into the spectra [133].

Especially the sample models of the layers on Si substrates (Figure 3.29a) show the

second peak appearing around 215 nm. This peak becomes more prominent with 

decreasing polymer matrix volume and may be caused by increased cluster-substrate 

interaction. The intensity of the main PR peak follows the expected trend of Al 

content in the layer relative to the matrix. For a precise theoretical calculation of the 

PR peak locations the exact optical constants of Al cluster close surroundings is 

needed. Complexity of such calculation is beyond the scope of this work.

The filling factors in Figure 3.28 and Figure 3.29 were calculated from relative peak 

intensity of extinction coefficients. A reference filling factor (its absolute value) for 

this calculation was determined from the SEM image of one of the sample just by 

counting the number of clusters in the scanned area, their known volume and known 

polymer matrix (volume deposited onto that area).
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Figure 3.29. Extinction coefficients for Al/C:H nanocomposite thin films: a) the 

same number of Al nanoclusters incorporated into the plasma polymer matrices

deposited at different RF powers (40 W – 120 W) – measured on Si substrates; b) 

different content of Al inclusions in the same plasma polymer matrix of 50 nm

(gradient sample) – measured on silica glass substrate.

In order to determine the chemical structure of the nanocomposites the FTIR 

spectroscopy was employed (Figure 3.30). The nanocomposite thin films deposited 

on gold coated glass were investigated by infrared spectroscopy in several hours after 

the deposition. The usual structure of hydrocarbon plasma polymer can be easily 

recognized. The most intensive bands in the spectral range of 2870–2960 cm−1

correspond to stretching vibrations of the CH2 and CH3 groups. The CH structure can 

be seen also from the peaks at 1460 cm−1 (unresolved CH2 scissoring and CH3

asymmetrical bending) and at 1370 cm−1 (CH3 symmetrical bending). The bands at 

1700 cm-1 and near 1620 cm-1 correspond to the C=O and C=C groups, respectively. 

The substantial band at 3100–3600 cm-1 is caused by the presence of the OH groups

as well as of Al-OH stretching vibrations [109,110]. The OH and C=O peaks show a 

certain degree of oxidation in the nanocomposites. The absorbance band which 

appears at 700 – 1000 cm-1 and is marked as AlxOy in Figure 3.30 results from the 

overlapping of several peaks and originates from the interface between the Al 

particles and the plasma polymer matrix. According to the literature, the Al-O and 

Al-C stretching vibrations appear in the region 750-850 cm-1 [104,109]. The band 
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around 1020 cm-1 is due to the Al-O-Al stretching vibration [110]. The pronounced 

absorption peak around 925 cm-1 can be assigned to Al2O3 [103,134]. 
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Figure 3.30. The FTIR spectra of the Al/CH nanocomposite thin film prepared by 

co-deposition with the same amount of cluster inclusions and different plasma 

polymer matrices.
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3.4.2 Nanocomposites with constant polymer matrix thickness and cluster 

inclusions of different sizes.

As it was mentioned at the beginning of section 3.4, the co-deposition system used 

for preparation of the Al clusters/plasma polymer composites allows the variation of

the deposition parameters for each component of the composite independently. In the 

previous section (3.4.1), the deposition was performed with the fixed cluster 

deposition while the polymer matrix was varied. The following section deals with 

deposition of the Al/CH nanocomposites where the polymer deposition is fixed and 

the clustering process is varied. 

The plasma polymer matrix was deposited at constant RF power of 100 W and its

thickness was constant (70 nm) in all samples of the series. The applied magnetron 

current in the cluster source was varied in the range 0.2 A – 0.5 A that resulted in the

changes in the mean cluster diameter ranging from 60 nm to 25 nm, as it was 

already shown before (section 3.3.2, Figure 3.18). The series of the nanocomposite 

thin films with Al clusters embedded in the hydrocarbon plasma polymer matrix was 

prepared and visualised by SEM (Figure 3.31). The decrease of mean particle size 

can be observed from the size distribution histograms. However, the clusters appear 

to be bigger comparing with the SEM images of pure Al nanoclusters. For example,

in Figure 3.31a the mean diameter is 76 nm instead of 60 nm for pure Al clusters 

shown in Figure 3.18a. The observed effect is due to coverage of Al clusters by the

plasma polymer as already discussed before (see 3.4.1).

The increased magnetron current affected not only the size of the nanoclusters but 

also the deposition rate (e.g. at current 0.2 A the deposition rate is 9 nm/min while at 

0.5 A ~ 20 nm/min). Since the deposition time was fixed at 2 min, the increased 

magnetron current resulted also in different concentration of the clusters per substrate 

area (e.g. compare Figure 3.31a and Figure 3.31c).
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Figure 3.31. The SEM images and corresponding size distribution histograms of the 

nanocomposites prepared at different DC current applied to magnetron in cluster 

source: a) 0.2 A; b) 0.3 A; c) 0.4 A; d) 0.5 A. The clusters are embedded into the 

plasma polymer matrix of the same thickness (70 nm).
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The Al/CH nanocomposites deposited under various operational conditions (different 

magnetron current) were examined by TEM in order to measure their size 

distribution. Typical micrographs in dependence on the magnetron current and the 

corresponding distributions of cluster diameters are depicted in Figure 3.32. The 

effect of magnetron current on the cluster size, already mentioned above, can be 

easily seen from the TEM images. The increased current from 0.2 A to 0.4 A resulted 

in a decrease of the mean cluster size from 63 nm to 30 nm, respectively. However 

the discrepancy in the results obtained from the TEM and the SEM scans can be 

found comparing Figure 3.31 a), c) and Figure 3.32 a), b), respectively. The mean 

cluster diameter is 76 nm and 53 nm according to SEM, while from transmission 

microscopy the values are 63 nm and 30 nm, respectively. This effect is due to high 

contrast between aluminium and the polymer for electron transmission (with 

acceleration voltage 200 kV), thus the dark spots really correspond to Al clusters. 

In case of scanning electron microscopy, the secondary electrons are emitted mostly 

from the surface, thus also from the plasma polymer covering the metal clusters and 

as a result the difference in SEM and TEM turns out.
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Figure 3.32. The TEM images with corresponding size distributions of Al clusters 

deposited at different magnetron current: a) 0.2 A; b) 0.4 A. and embedded into the 

plasma polymer matrix prepared at power 100 W. 

Film morphology was studied by AFM. Figure 3.33 shows the 5×5 µm2 AFM scans 

and representative height profiles of Al clusters of different sizes embedded into the 

plasma polymer matrix of thickness ~ 70 nm. It can be seen that the size of 

inclusions has pronounced effect on surface topography. For instance, a decrease of 

the mean cluster size from ~ 60 nm to ~ 25 nm resulted in the decrease of RMS 

roughness from 28 nm to 18 nm, as measured by AFM (Figure 3.33).
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Figure 3.33. The 5×5 µm2 AFM images and representative height profiles of the 

nanocomposite films prepared at different DC current applied to magnetron in cluster 

source: a) 0.2 A; b) 0.5 A. The clusters are embedded into the plasma polymer matrix 

of the same thickness (70 nm). 3D images have the same z scale.

The optical properties of the following nanocomposites were examined by UV-Vis 

spectroscopy and spectroscopic ellipsometry. The samples were deposited on silica

glass due to its transmission in UV region. Figure 3.34 shows the UV-Vis spectra of 

a series of the nanocomposite thin films with Al nanoclusters of different sizes

measured in the central part of the spot. 



91

200 300 400 500 600 700 800
20

40

60

80

100

250nm

260nm

275nm

 0.2 A
 0.3 A
 0.4 A
 0.5 A

T
ra

n
s
m

it
ta

n
c
e
 [

%
]

Wavelength (nm)

307nm

Figure 3.34. The UV-Vis spectra of thin films with Al clusters of different sizes

incorporated into the hydrocarbon plasma polymer matrix.

The blue shift of position of the transmission minima due to the particle plasmon 

resonance (PPR) was observed in dependence on the cluster size. The maximum of 

the absorption for the nanoclusters with mean sizes 25 nm – 60 nm lies in the 

wavelength range of 250 nm – 310 nm. Moreover, with decreasing of the cluster size

the position of absorption peak shifts to the lower value of wavelength. The shift of 

the PPR peak position due to particle size was also observed for different metals such 

as Ag, Au and is described in the literature [135–138] where the possibility of tuning 

of the PPR peak is discussed. In our case, the particle plasmon resonance can be 

easily tuned by varying of applied magnetron current and therefore by the change of 

the size of inclusions; or by the change of the deposition rate (time) in order to tune 

the transmission intensity. 

Finally, the ellipsometry measurements of thin films deposited onto Au substrates

were done. The measured data were analyzed in the same way as it was described in 
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the previous section (3.4.1). In the samples with the constant polymer matrix content 

and varying Al cluster size (as well as the amount of clusters) (Figure 3.35), the 

narrowing and the blue shift of the PR peak corresponds to the smaller cluster 

diameter (as confirmed by SEM (Figure 3.31) and TEM (Figure 3.32)). It is worth 

to mention that observed increased value of k, i.e. decreased intensity of transmitted 

light, with increasing magnetron current corresponds to higher concentration of Al 

clusters relative to the polymer matrix.

0 200 400 600 800 1000 1200 1400 1600 1800

0.00

0.05

0.10

0.15

0.20

0.25

0.30

k

Wavelength (nm)

0.5 A
0.4 A
0.3 A
0.2 A

Figure 3.35. Extinction coefficients for the Al/C:H nanocomposite thin films

prepared in dependence on DC magnetron current, thus the size of cluster inclusion. 

The plasma polymer matrix has constant thickness in all cases (70 nm). 
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Conclusions

1. Al/C:H nanocomposite films have been attempted by preparation using DC 

magnetron sputtering of Al in Ar/n-hexane atmosphere

2. It was found out that these were stable in vacuum but degraded within 1 hour 

in the open atmosphere

3. It was found out that simultaneous deposition of Al atoms and CxHy

fragments results in formation of AlxCy and only little of Al creates metallic

inclusions. In the open air hydrolysis takes place resulting in formation of 

various oxidated species including aluminium hydroxide within plasma 

polymer. Films are then clear – completely transparent to the visible light

4. Nanocomposites Al(AlxOy)/C:H were prepared in closed field magnetron 

system with rotating substrate. The C:H matrix was provided by RF 

sputtering of polypropylene

5. Gas aggregation cluster source (GAS) was applied for the deposition of 

Al/AlxOy nanoparticles

6. GAS was at first tested for deposition of Ag clusters as model metal in detail

a) It was found out that the majority of Ag mass is carried by neutral Ag 

clusters, then by positive Ag clusters and less by negative Ag clusters, with 

increasing power to GAS these differences even enlarge

b) The velocity of the clusters was found to be dependent on their size. 

The cluster velocity was from 30 m/s for particles of 50 nm in diameter to 

80-200 m/s for 5 nm clusters. The values experimentally found velocities 

were higher than those predicted by simulations

7. The GAS was used for Al/AlxOy cluster deposition. Al cluster size in this 

case decreases with increasing current to the magnetron of the GAS
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8. It was found out that a small amount of oxygen is needed for a stable Al 

cluster formation. The explanation is that a nucleus containing AlxOy is first 

formed and then Al nanoparticle grows on it

9. The same behaviour was determined for Ti nanoparticles

10. The GAS was used to supply Al/AlxOy nanoparticles into the simultaneously

growing C:H matrix. It was shown that particle plasmon resonance in 

transmission spectra takes place. This phenomenon was modelled by means 

of spectroscopic elipsometry using following structure: substrate (Si/silica), 

Al/C:H composite and rough layer, both containing voids.

11. Finally, it was shown that using the GAS the nanocomposite Al(AlxOy)/C:H 

or even AlxOy/C:H films can be prepared when Al/AlxOy nanoparticles are 

fully oxidized before landing on the substrate.
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