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Preface

Titanium dioxide plays a major role in the field of photovoltaic cells based on organic 

materials. The combination of conducting organics with nanostructured inorganic materials 

leads to enhancement of their properties. Chemical, also sometimes called wet, processes 

are the conventional route for preparation of organic solar cells, both their organic and 

inorganic components. There is a possibility to deploy another, technologically more 

demanding, nevertheless powerful, family of methods for the preparation of nanostructured 

organic solar cells: the vacuum methods. The utilization of different vacuum methods for 

the deposition of various TiO2 nanostructures will be studied and compared. Size and 

morphology of the nanostructures have a direct impact on the performance of the organic 

solar cell. After the characterization of the processes and the TiO2 nanostructures, these 

will be combined with various organic materials. Generally, properties of an organic film 

are influenced by the type of deposition technique utilized and they in turn affect the 

efficiency of the solar cell. And last but not least, the organic solar cell performance 

depends on the nature of combination of TiO2 and organic materials into a composite 

structure. Characterization of properties of such nanocomposite films will be the main 

content of this study.

This work is divided into four chapters. The first chapter Introduction describes the 

theoretical background necessary for the understanding of the preparation processes and 

properties of the studied materials. The second chapter Experimental features the particular 

deposition set-ups with the experimental conditions, short explanation of basics of 

characterization techniques utilized together with listing of their settings. Presentation of 

the studied materials is also included. The third part Results and Discussion comprises the 

obtained results and their analysis with a discussion of their possible interpretation. The 

most important results are summarized in the last chapter Conclusions. All the references 

and citation sources are numbered by Arabic numerals and are listed at the end of the work. 

All own publications are identified by Roman numerals.
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Objectives of the Doctoral Thesis

In general, the presented study is focused on description of deposition processes leading to 

formation of various TiO2 nanostructures and their incorporation into nanocomposite films. 

Further, it aims in characterization of nanocomposite films containing TiO2 nanostructures 

embedded into a plasma polymer matrix. The aims of the thesis can be summarized as 

follows:

 Study of the deposition process of nanocomposite films TiOx/plasma polymer by 

magnetron sputtering from metallic Ti and ceramic TiO2 targets under various 

experimental conditions.

 Extensive characterization of the deposited films, determination of their structure, 

morphology, composition, electrical and optical properties.

 Test of the suitability of the nanocomposite films for photovoltaic application.

Due to an extensive co-operation with partner laboratories, the scope of the thesis was over 

time extended to:

 Employment of other deposition techniques for preparation of TiO2 nanostructures 

and their comparison with magnetron sputtering.

 Characterization of composite films containing low-molecular-weight organic 

materials and their comparison with nanocomposite films TiOx/plasma polymer.
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1 Introduction

1.1 Plasma Polymers

The first reports of what now is referred to as a plasma polymer were published in the 

second half of 19th century. However, the most attention has been paid to the field of 

thin films and processes of plasma polymerization only since the sixties of the 20th

century. Its progress was launched mainly by a proposal to the promising utilization of 

plasma polymers as dielectric thin films [1,2].

Plasma polymerization occurs at low pressure or temperature in plasma created by a 

glow discharge in an organic gas or organic vapors. Plasma is a highly ionized gas with 

equal number of positive and negative charges which makes it globally neutral. The 

level of ionization in plasma at low pressure (glow discharge) 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 an 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 [3].

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

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

surfaces in contact with plasma and also between particles on the surfaces. It consists of 

two main mechanisms:

a) Plasma-state polymerization – Occurs only in electric discharge where organic 

molecules are present. Energetic electrons collide with these molecules and 

create various particles and free radicals that react in chain reactions. Any 

organic compound in gaseous state can be plasma polymerized.

b) Plasma induced polymerization – It is in fact a radical polymerization of a 

monomer containing unsaturated carbon bond. The reaction is triggered by 

reactive species from the electric discharge operated in vapors of the liquid 

monomer.

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

polymerization. The terms plasma polymerization and plasma polymer were introduced 
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from historical reasons and today are generally accepted. Despite the fact that the 

material produced as a result of operation of an electric discharge in an organic gas is 

denoted plasma polymer, it has only little in common with the conventional polymer, by 

which is marked a material with regularly repeating structure. In the case of a plasma 

polymer, the chains are short, branched randomly and often with a high degree of 

crosslinking, as can be seen in Fig. 1.1. Radicals that cannot recombine immediately can 

be easily captured (frozen) in this network structure and later cause changes in the 

plasma polymer structure known as ‘ageing’. Reactions of the radicals with oxygen and 

water vapors can occur after exposure of the thin film to the atmosphere and speed up 

the ageing. The extent of disorder of the plasma polymer strongly depends on the 

deposition parameters, mainly the intensity and energy of the particles impinging on the 

growing film.

Fig. 1.1. Structure of a plasma polymer produced by plasma polymerization of ethylene. Taken from [4].

In order to understand plasma polymerization and formation of plasma polymers, it is 

necessary to know the processes taking place in various parts of the discharge. The 

processes can be basically divided into two groups: reactions in the plasma volume and 

reactions on adjacent surfaces (meant surfaces in contact with plasma).
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Excitation, ionization and dissociation are the basic examples of various processes 

taking place in the plasma volume. The probabilities of excitation and ionization are 

approximately equal for the interaction of a highly energetic electron with an atom. 

However, excitation is slightly more probable for interactions of electrons with 

molecules for which also dissociation of the molecule can occur. Excitation and 

subsequent dissociation can be illustrated in the case of 4CF molecule:

  eCFCFe 44 (1)
  FCFCF 34 (2)

or

  FCFCFe 34 (3)

where 
4CF is an excited state of 4CF molecule. Similar reactions have the main 

contribution in the creation of free radicals and negative ions. The dissociation of a 

molecule after a collision with an electron generally requires less energy than the direct 

ionization which can be caused only by highly energetic electrons from the tail of their 

energetic distribution. Other reactions in the plasma volume can be written as following:

ionization

  eOOe 222 (4)

dissociative ionization

  eFCFCFe 234 (5)

binding of low energetic electrons to electronegative molecules (important for creation 

of negative ions)

  22 OOe (6)

or

OOO  
2 (7)

Some of products of these reactions have long life times at low pressure. Very long life 

times (μs to s) can be observed also for atoms and molecules at metastable state. These 

species can considerably influence plasma processes. Metastable particle can transfer 

energy during collisions with other particles. If the species have a lower ionization 

potential, ionization or dissociative ionization can occur. These, so called Penning

ionization processes are important in plasma chemistry. They can be expressed as:



4

  eAYYA (8)

  eAXYXYA (9)

  eAYXXYA (10)

The processes (9) and (10) are mutually competitive and the polymer thin film can grow 

only in the case that the polymerization is dominant.

All the species created in the plasma volume can react with surfaces in contact with 

plasma. Fragments of the original organic monomer units in their ground or excited 

states also belong to the particles created in the glow discharge. These fragments can 

then influence the surface reactions. Since the plasma potential is always positive, the 

positive ions are the most important particles. These ions bombard all grounded surfaces 

and surfaces at floating potentials with energy in dependence on the potential difference 

between the plasma and the surfaces. Energetic ions can cause re-ordering and/or 

emission (sputtering) of atoms from the surfaces by physical impact that follows the 

laws of conservation of energy and momentum. This phenomenon is also utilized in the 

process of magnetron sputtering which will be discussed later in the section 1.4. The 

energetic threshold of sputtering is between 30 eV to 120 eV and sputtering rates that 

can be practically utilized are achieved at potential differences of least 100 V with 

respect to the plasma potential. In case of floating or earthed substrates, the ions often 

do not reach energies sufficiently high to cause sputtering from the substrate. Despite 

that they can influence many other surface processes, e.g. adsorption or desorption. 

Neutrals adsorbed on surfaces can be excited and form free radicals which can start 

various reactions. Other processes caused by ions impinging on surfaces include:

1) dissociation of adsorbed molecules

2) surface defects which can lower activation energy of surface reactions

3) sputter-cleaning and removal of surface contamination

4) ionization, excitation and fragmentation of adsorbed molecules

Electron bombardment of grounded surfaces or surfaces on floating potential is 

important in simple system configurations of discharge, e.g. plan-parallel system 

without any electron deflection (e.g. by a magnetic field). When a magnetron is used 

(see section 1.4), electrons are captured in traps formed by magnetic and electric fields 

which results in a decrease in the flux of electrons hitting the substrate. Despite the fact 

that the floating substrate is negative by several volts with respect to the plasma 
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potential, energetic electrons can still hit it. These might start (similar to ions) several 

processes on the surfaces covered by adsorbed atoms and molecules:

1) excitation, ionization or fragmentation of molecules (all of which are electron-

caused rearrangements of bonds which lead to chain reactions necessary for 

plasma polymerization)

2) dissociation propagating by electron-stimulated desorption or adsorption

For most of the reactions taking place on surfaces, molecules of a working gas or a 

monomer gas and their adsorption are necessary. We distinguish two types of 

adsorption:

1) physical adsorption caused by van der Waals forces (non-activated processes

with adsorption energies of about 0.1 eV)

2) chemisorption when adsorbed atoms are chemically bonded to surface atoms 

(energetically activated processes with energies of about 1 eV). Chemisorption

strongly depends on the type of working gas and the surface.

Etching is another process that might strongly affect films growing on surfaces exposed 

to impinging particles (either with or without plasma). It can be described in the 

following points:

1) non-dissociative adsorption of gas particles on the surface

2) dissociative chemisorption

3) reaction between adsorbed radicals and surface resulting in adsorbed molecule

4) desorption of molecular product into a gaseous state

5) removal of non-reactive residues from the surface

This scheme could in fact be useful also for description of a film deposition if the rate in 

the point 4) is low and point 5) is neglected.

Beside the neutral molecules, bombardment of the surfaces by their fragments

(especially free radicals) is important as well. A detailed description of their interaction 

is not known. However, we expect them to be more reactive than neutrals. This results 

in their chemisorption also on the surfaces that are inert for neutrals.

The above part described basically only the interactions of surfaces with only one type 

of particles at a time. However, practically many various species bombard the surfaces 

at the same time and they can influence their respective mutual processes taking place 
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on the substrate. Therefore, their full description and comprehension is usually very 

complicated. Many scientists have tried to analyze the reactions taking place in the 

plasma volume and on the surfaces. The work of Yasuda and co-workers is among the 

most known. The model is based on a plasma polymerization of hydrocarbons in a glow 

discharge [5]. An overall scheme displayed in Fig. 1.2 was suggested. It consists of 

competitive processes of ablation and polymerization. After turning on the discharge in 

an enclosed system, the working pressure starts to decrease, plasma polymerization is 

dominant. However, after some time, the pressure starts to rise as a result of formation 

of ablation products. The term ablation represents two types of reactions:

1) removal of a solid material, a process close to etching or sputter-etching

2) division of a molecule or a monomer break-down

Fig. 1.2. The overall mechanism of a plasma polymerization in a glow discharge. Taken from [1].

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

schematically represented as in Fig. 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 multifunctional 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
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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.

Fig. 1.3. 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 [1].

As was already mentioned before, a polymer film as a result of a plasma polymerization 

grows on all surfaces in contact with plasma of a glow discharge. If a direct current 

(DC) glow discharge is used, the dielectric film is deposited also on the cathode and the 

discharge will switch off after a time. Therefore it is not possible to utilize this type of 

discharge for plasma polymerization and sputtering of dielectric materials. Radio 

frequency (RF, frequencies from 100 kHz to 30 MHz) discharge is the most common 

option. In this case, the charge carriers are generated by ionization of neutral molecules 

of a working gas in the plasma volume instead of by secondary emission from the 

cathode. The discharge thus does not depend on the processes taking place on the 

electrodes which can then be covered by any material, even by an insulator.

In consideration of the very complex character of plasma polymerization, it is not 

possible to treat the properties of plasma polymers in general. They depend upon:

1) chemical properties of monomer [1]

2) conditions during plasma polymerization, including characteristics of reactor [6]

3) chemical and physical properties of the substrate [7]

Thus structure and composition of a plasma polymer depend strongly on the deposition 

parameters. The control of a structure of a plasma polymer films is especially important 
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for the preservation or even improvement of electrical and optical properties of 

monomer units in the case of conducting organic compounds. Such materials will be 

discussed in detail in section 1.7. Generally, plasma polymerized films found their 

applications in optics, biomedicine, electrical or chemical industry. The use of plasma 

polymer films can be divided into two groups:

1) application based on modification of chemistry of surfaces, e.g. improvement of 

adhesion and compatibility of various phases utilized in composites, change of 

liquid crystal orientation (polyaramide, PTFE, PVC)

2) application based on bulk properties of plasma polymers:

a) transfer of material through plasma polymer – semi-permeable membranes 

for gas purification (perfluorobenzene)

b) protective coatings for metallic and other substrates (optical components 

sensitive to humidity) against the environment and corrosion

(hexamethyldisiloxane)

c) electronic applications – historically the first interest in dielectric plasma 

polymer thin films – thin film transistors, diodes, switching components, 

capacitors, sensors (tetracyanoethylene)

d) wear-resistant protective coatings

e) optical applications –integrated optics, lenses, laser discs, optical filters, 

memories, photoconductors (phenylacetylene)

f) application in medicine and biology

A deeper insight into the applications of plasma polymers can be gained from e.g. [8].

1.2 Composite Materials

The research in the field of plasma polymer films has been very successful in the in the 

past decades [2]. Plasma polymers can be prepared with unique properties like chemical 

inertness, transparency in visible and infrared spectrum with high or low refractive 

index, low coefficient of friction and exceptional hardness. Later, it has been discovered 

that the coating characteristics can be modified by incorporating other elements into the 

organic plasma polymer. In such a way, a new group of plasma polymers has been 

created, the so called composite films. They possess interesting physical, (mechanical, 

electrical and optical), chemical and biological properties ranging from those of an 
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intrinsic polymer up to those of a pure additive. The term composite is used to stress 

that such material possesses a heterogeneous microstructure consisting of areas of one 

component (usually a metal) randomly embedded in a matrix of another component 

(usually a plasma polymer) (Fig. 1.4). The advantage of composites is the ability to 

combine materials with diverse properties like hardness or elasticity.

Fig. 1.4. TEM micrographs of Ag/C:H nanocomposite film. Dark areas are metal nanoparticles, bright 

area in between particles is plasma polymer matrix. a) Taken from [9], b) HRTEM, unpublished results.

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

embedded in the plasma polymer matrix which is thus the most important parameter. It 

is usually described in the terms of so called filling factor (f) defined as

composite

metal

V

V
f  (11)

It represents a volume fraction of the metal present in a unit volume of the composite 

film. The values of f are usually obtained from the measurement by quartz crystal 

microbalance and its calibration by an independent measurement of the film thickness.

Such description of a composite film is accurate only in the case that metal (or inorganic,

in general) component does not react (or only in a limited way) with the plasma 

polymer matrix, i.e. there is a sharp interface between the metal and the matrix (Fig. 

1.4b). Problems with characterization of composite structures might arise when the 

metal is very reactive, e.g. titanium, and easily forms carbides or hydrides, or the 

inorganic part is not directly a metal but its oxide, e.g. TiO2, or other complex chemical 
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structure. These materials can be formed by a number of different chemical compounds 

and in the case of a small amount of inorganic content, its homogeneous incorporation 

into the matrix without a formation of nanoparticles can occur. For such materials, the 

above mentioned characterization of composite films can be used only with certain 

approximations.

Historically, the most research in the field of composites has been done on composites 

of plasma polymers and metals. Several vacuum techniques have been so far utilized for 

the deposition of composites of a plasma polymer and a metal:

1) simultaneous plasma polymerization of an organic gas or vapors and sputtering 

or etching of a metal from a target placed on the electrode

2) simultaneous plasma polymerization of an organic gas or vapors and 

evaporation of a metal

3) plasma polymerization of an organic compound containing a metal

4) sputtering from a composite target of a metal and a polymer

5) simultaneous evaporation of a metal and polymer

6) simultaneous sputtering from two targets - polymer and metal

The first technique was introduced by Kay [10]. It is based on a plan-parallel 

arrangement with an excitation electrode connected to an RF power supply (usually 

13.56 MHz). Plasma polymerization takes place in a glow discharge in a presence of a 

gaseous monomer or its vapors or its mixture with argon and forms the polymer matrix 

of the composite. Metal target placed on top of the electrode supplies the growing 

composite film with a metal component formed by sputtering or reactive ion etching. 

However, after time, also the excitation electrode with metal target might get covered 

by a polymer film (so called target poisoning) which results in lowered or even ceased 

emission from the target, which is a drawback of this technique. This problem can be 

overcome as in method 2) using a separate source of metal – evaporation vessel [11]. 

Utilization of a composite target polymer/metal (method 4) is connected with a 

traditional deposition of cermet (ceramic-metal) films. Different substrate and target 

positions were studied which resulted in different amounts of metal in the films [12]. 

The drawback of this method is the possibility of cross-contamination of the target. A 

successful preparation of composite films of PTFE, PP and PI with SiO2 was performed 

in the laboratory of Prof. Biederman using simultaneous sputtering from two targets 

(method 6) [13–15].
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The utilization of composite films metal/plasma polymer was suggested mainly in 

optics and electronics like filters, optical memories, humidity sensors or in lithography. 

Their further utilization will depend on better understanding of their deposition 

processes and improvement of their time and temperature stability.

1.3 Titanium Dioxide

Titanium dioxide (titania, TiO2) is one of the most studied and most promising materials 

today. It has gathered a lot of attention after the discovery of its ability to break down 

water by photocatalysis by Honda and Fujishima in 1972 [16]. However, the break point 

of its enormous popularity and exponential rise in the number of papers published 

occurred in 1991 after the fundamental studies of Michael Graetzel on dye-sensitized 

solar cells (DSSC) [17] which are based directly on the properties of TiO2 (Fig. 1.5).

Fig. 1.5. Number of publications released topically connected to the research on TiO2. Data from 

WebOfKnowledge in October 2010.

Nanostructured powders and films composed of ultrafine crystals with dimensions of 

several to tens of nanometers have received an increased attention due to their unique

chemical, physical, mechanical, electrical and optical properties resulting from its 

favorable band position and surface structure [18]. The main advantages are:

1) high refractive index

2) high transparency in the visible and near-infrared spectrum region

3) excellent mechanical and chemical durability including high resistance to 
photoinduced decomposition

4) excellent photocatalytic properties
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Titania is nowadays utilized in various industrial applications in different areas and has 

the potential for spreading due to its low cost and ease of handling at the same time. 

Some of the important applications use titania as:

 pigment in paints, tooth pastes and food (E171)

 self-cleaning and super-hydrophilic coatings for automobile side-view mirror [19]

 protective anti-reflective coating in optical applications [20]

 photocatalyst in environmental purification [21]

 electrode material for light-sensitizers in dye-sensitized solar cells [17]

 generation of hydrogen gas [22]

 biocompatible protective coating on medical implants with increased wear 

resistance and hardness [23,24]

TiO2 naturally occurs in three crystal structures: tetragonal anatase and rutile and 

orthorhombic brookite. Irrespective of the crystalline structure, the Ti4+ ions are 

surrounded by six O2- ions that create a TiO6 octahedral basic block (Fig. 1.6). The 

symmetry of anatase is lower than that of rutile. The Ti–Ti distances in anatase are 

larger, whereas the Ti–O distances are shorter than those in rutile. These differences in 

the lattice structures cause different mass densities and electronic band structures 

between the two forms of TiO2.

Fig. 1.6. Crystal structure of anatase (left) and rutile (right). Ti atoms are grey, O atoms are red. Source of 

graphics: wikipedia.org.

Titania is a wide band gap semiconductor with Eg ~3.03 eV and ~3.18 eV [19] for rutile 

and anatase phases, respectively. Anatase phase exhibits the highest photoactivity [25–

28]. Rutile TiO2 is known as a white pigment because of its high scattering effect which 

leads to protection from the UV light [26]. It is found to be the most thermodynamically 

stable phase of TiO2 and therefore the most common form. Its refractive index and 



13

density is higher as compared to anatase phase [29] which makes it useful as a coating 

material for optical lenses and as a dielectric material. Formation of a particular phase 

depends upon the nature of the starting material, its composition, deposition method and 

annealing temperature. Anatase form is stable up to around 800ºC and above this 

temperature it transforms into rutile phase [22]. Few studies on the preparation of 

brookite-type TiO2 or its application have been reported, most probably due to 

problematically obtainable pure brookite structure [30].

Titania can be utilized either in a powder form or as a thin film deposited on a variety of 

substrates, such as glass, quartz, porcelain bricks and metal panels according to the 

requirements of the particular application. Desired are TiO2 crystals of nanometer size 

which possess higher photocatalytic activity than bulk TiO2 [31]. In the past, technical 

difficulties in the separation of the dispersed nanosized catalyst in water after the 

reactions arose which inhibited from full recycling of the fine powder systems. TiO2

thin films [21] or even nanofiber membranes [32] are therefore deployed instead and 

they show the activity as high as TiO2 fine powders.

Titania is usually obtained either from minerals, solutions of titanium salts or from 

alkoxides through one of many different processes possible. All the techniques for 

preparation of TiO2 nanostructures can be basically divided into ‘wet’ chemical and 

vacuum methods. The chemical processes include hydrothermal method [33], aerosol 

pyrolysis [34], electrodeposition, flame synthesis or ultrasonic irradiation. The most 

widely used method for preparation of TiO2 nanoparticles is the sol–gel process. It is 

simple but versatile method based on hydrolysis and polycondensation of various 

titanium molecular precursors in aqueous solutions or an organic solvent [35]. The 

solution nature of the sol–gel process leads to molecular level mixing and enables the 

production of nanostructured TiO2 films over a large surface area without requirement 

of an expensive equipment [36]. Such films are usually of a high purity with a good 

homogeneity. Another advantages offered by sol–gel process over other conventional 

film deposition techniques include controllability, reliability, low process cost (low 

consumption of energy, low material consumption rate), simplicity and plausible 

porosity in films along with possibility of low temperature processing without 

degrading the organic functional groups or the polymer [19]. The sol–gel processing can 

allow the formation of nanostructured materials with controlled porosity and shape 

(coatings, fibers, powders, tubes) [37,38]. One of drawbacks of all the chemical 
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techniques is the necessity of post deposition heat treatment (annealing) of the films at 

several hundred degrees Celsius to remove solvents and other organic by-products. This 

requires additional energy resources and limits the substrate to a thermostable material.

The vacuum techniques for preparation of TiO2 films include physical vapor deposition

(PVD) methods like ion beam [39] or magnetron sputtering [40], activated reactive 

evaporation, electron beam evaporation [41] or chemical vapor deposition (CVD) [42]. 

All the vacuum techniques take place in a clean environment without additives which 

results in clean products of a desired quality. However, conventionally used vacuum 

techniques are suitable only for small area substrates and costly equipment is needed.

Many of the techniques, both chemical and vacuum, usually result in amorphous 

structure which generally does not possess photocatalytic activity and satisfying 

conductivity. Subsequent heat treatment can be used to modify the crystal structure of 

the product at the same time. Depending on the particular deposition process, 

preparation conditions, impurities, crystal dimensions, etc., the amorphous-anatase 

transition occurs at about 400ºC and anatase-rutile transition at about 800ºC [43].

Annealing at high temperatures often leads to an increase of the TiO2 nanoparticle size 

accompanied by a significant loss of surface area and porosity.

1.4 Magnetron Sputtering

Sputtering is generally characterized as an erosion of a surface of a material due to its 

bombardment by energetic ions. The sputtering process depends strongly on energy and 

mass of primary ions and nature of the sputtered material. The impacting ion collides 

with an atom from the surface and a part of the ion energy is transferred to the atom 

according to the law of elastic collisions. The knocked-on atom obtains a high 

momentum towards the bulk material, collides with neighboring atoms and causes their 

release from equilibrium lattice positions. Some of the ejected atoms can gain a

momentum with a component in the direction normal to the surface and energy high 

enough to overcome the surface bonding energy and can be emitted from the solid. 

Apart from single atoms of a target material, also polyatomic particles (clusters), 

electrons and light can be emitted (Fig. 1.7). The process is fast, non-equilibrium and 

non-thermal. The primary ion can either be reflected from the atoms of the solid (back-
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scattering) or be slowed down after a number of collisions and remain built-in at a 

certain depth (ion implantation).

Fig. 1.7. Schematic illustration of sputtering. Surface bombardment by energetic particle causes emission 

of mono- or polyatomic particles in various states of charge, electrons and light. Taken from [44].

Sputtering yield is the basic quantity describing the sputtering process. 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). Temperature of the target does not substantially affect the sputtering yield. If 

chemically active elements (e.g. oxygen) are utilized as the primary ions, chemical 

reactions with atoms of the target can occur (depending on the nature of target material)

and thus affect the sputtering rate. This process is often called chemical (reactive) 

sputtering in contrast to the physical sputtering limited explicitly to the exchange of 

momentum and energy in elastic collisions.

The primary ion must have energy higher than certain threshold energy to be able to 

sputter a solid material. This threshold energy is usually in the range 10–100 eV. The 

sputtering yield rises for energies of several hundreds of eV due to higher energy 

transferred to atoms of a target. The yield then decreases for energies of about 10 keV 

because primary ions penetrate deep into the target material and transfer less energy in 

the area close to the surface. Sigmund theory based on an analytical solution of 

Boltzmann's equation is the basic theoretical model of sputtering process [45].
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Sputtering as a vacuum technique for thin film deposition is very popular and widely 

utilized because of its versatility. Compared to other vacuum methods, sputtering has 

the advantage of possibility of deposition of materials with a high evaporation 

temperature. However, a relatively low sputtering yield (and consequently the 

deposition rate) is one of its disadvantages. In order to overcome this disadvantage, 

option of utilization of magnetic field in connection with the cathode is often in hand

because magnetic field causes local increase in the plasma density around the cathode.

Magnetron sputtering is a variant of plasma-based sputter deposition techniques. 

Secondary electrons created at the target surface by ion bombardment accelerate and 

ionize the gas atoms to sustain a discharge. Higher efficiency of the process is achieved 

by application of magnetic field which confines the primary electrons to paths close to 

the cathode surface. Ionization efficiency is improved and the resulting sputtering rates 

are higher. The applied power is usually DC for conducting targets and RF for 

insulating targets. The working gas is usually argon, but reactive gases can be added or 

substituted in the reactive sputter deposition of oxides, nitrides or carbides. Magnetron 

sputtering is a powerful technique for large area optical film coating such as in the 

coating of architectural glass or roll coating. Biederman and Holland utilized planar 

magnetron as an RF excitation electrode for plasma polymerization of fluorocarbons 

and the film deposition rate increased about ten times compared to identical 

experiments without a magnetic field [46].

The deposition arrangement for magnetron sputtering is based on a plan-parallel 

arrangement of electrodes forming the diode system [1]. Sputtering in processing 

discharges involves typically the energy range below 1 keV. The general situation 

described above is further simplified by the normal incident angle of ions due to the 

potential distribution. A target from the deposited material is in contact with the cathode 

with a magnetic field configured parallel to its surface. This construction forms electron

traps on top of the target which restrict movement of electrons in its vicinity. The 

movement of a charged particle in an electromagnetic field is given by the Lorentz force 

 BvEe
dt

vd
mF


 . The increase in the plasma density is basically caused by the 

elongation of the movement path of electrons from the cathode to the anode which 

increases the number of collisions with neutral particles and thus increases the 

probability of ionization. Influence of the magnetic field on heavier ions is negligible.
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Several types of magnetrons were developed for magnetron sputtering, e.g. cylindrical, 

circular (Sputter Gun and S-Gun) or planar, however the principles of their operation do 

not differ. For our laboratory, the most important from the practical point of view is the 

planar magnetron. It represents a typical diode structure for sputtering with a planar 

cathode, but in this case equipped with permanent magnets right behind the cathode. 

The magnets are arranged in a way that there is at least one area on the cathode surface 

where the envelope of the magnetic field lines forms a closed loop parallel to the 

surface of the cathode (Fig. 1.8). This forms the tunnel of the electrode trap where the 

ionization necessary for the plasma preservation takes place.

Fig. 1.8. Scheme of rectangular magnetron cathode. a) magnetic field lines forming a tunnel, b) cross-

section in the A–A plane with field line and the escape path for electrons. Taken from [6].

Planar magnetron is usually operated in argon at pressures between 0.1 Pa to 10 Pa and 

cathode potential between 300 V and 700 V. The magnetic field strength is usually 

between 200 G and 500 G (1 G = 10-4 T). The optimal shape and intensity of magnetic

field is obtained when the cathode current (or current density) I and cathode potential V

are in the relation nkVI  . The higher the exponent n is, the more efficient is the 

electron trapping. This value is usually between 5 and 9.

Planar magnetrons can be further divided according to the shape of their magnetic field 

(and thus the electron movement) into balanced and unbalanced, where the unbalance 

magnetron can be of type I or type II. The very special case of the balance magnetron 

(the field lines are coming out from the central magnet and enter the outer magnet and 

all the magnets are of the same strength) is difficult to obtain in practice. In the case of 

the unbalance magnetron, the central magnet is much stronger (type I) or much weaker 

(type II) than the outer and thus not necessarily all of the field lines are closed between 

them (Fig. 1.9). The described differences in the character of the magnetic field of 
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respective magnetron types cause important differences in plasma characteristics in the 

vicinity of the cathode and thus also the properties of the deposited films. The use of 

balanced or type I unbalanced magnetron type results in a low electron bombardment of 

the growing films which is desired in electronic applications. On the other hand, type II 

unbalanced magnetron causes very high bombardment which is useful for stimulation of 

chemical reactions or modification of surface structure. More about magnetrons can be 

found in works of Window, e.g. [47].

Fig. 1.9. Division of planar magnetrons according to the shape of their magnetic field. a) basic 

arrangement, b) balanced, c) type I unbalanced, d) type II unbalanced magnetron. Taken from [47].

Deposition of polymer films by magnetron sputtering causes considerable 

inhomogeneities in their thickness, composition or microstructure [48]. This is caused 

by the construction of the magnetron and its magnetic circuit which affect shape of so 

called erosion track. It is the area of the most intense and the densest plasma and thus 

also of the fastest sputtering of the target. Parts of the substrate exposed to the most 

intense particle bombardment can locally increase their temperature which influences 

the microstructure of the growing film.

1.5 Metal Cluster Formation

Preparation of metal clusters (aggregates ranging from a few atoms to a few thousands 

of atoms) and nanoparticles from a gas phase, their manipulation and deposition are

important for utilization of nanostructured materials. Vacuum methods for production of 

nanoparticles are demanding from the technological point of view. However, they 

provide a clean environment for production of nanoparticles without a necessity of an 

effective post-synthesis treatment to remove solvents and chemical by-products. Among 

the different gas phase methods [49,50], a gas aggregation source concept based on a 

magnetron sputtering introduced by Haberland [51,52] is popular for its relative 
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simplicity. It has been utilized for deposition of various metallic clusters, e.g. chromium 

[53], nickel [54], cobalt [55] or silver [56]. Deposition of titanium nanoclusters and 

theoretical description of cluster formation was in the focus of research by Shyjumon 

and co-workers [57]. Milani and co-workers have been interested in production of 

titanium nanoparticles by supersonic cluster beam deposition for many years [58,59].

Gas aggregation cluster source combines the sputtering vaporization and the inert gas 

condensation techniques. Many parameters affect growth of clusters and their properties, 

e.g. working gas pressure in the cluster source chamber, type of gas or mixture of gases 

and its composition, buffer gas flow rate, power delivered to magnetron, type of 

sputtered material, temperature of cluster source chamber walls and dimensions of 

cluster source chamber. Formation and growth of clusters follow the same physical and 

chemical mechanisms as any gas-phase particle synthesis process. Nanoparticles grow 

from individual atoms up to the desired size. Cluster embryos are formed either by 

physical means such as condensation of a supersaturated vapor or by chemical reaction 

of gaseous precursors. Depending on the embryo concentration, system temperature and 

pressure, these clusters continue to grow to larger entities by coagulation and 

coalescence and/or surface growth.

At the initial stage of the sputtering process, fast metal atoms are formed in the cathode 

region as a result of ion impact on the cathode. Their typical kinetic energy  exceeds 

significantly a thermal energy kT of buffer gas atoms. As a result of collisions with 

atoms of inert gas, the metal atoms are thermalized in the cathode region. Free metal 

atoms can occur only in this rather narrow region around the cathode. After the 

thermalization, majority of metal atoms returns to the cathode and only about 1% of the 

free metal atoms are converted into clusters [57]. To the start the nucleation of free 

metal atoms into clusters, a three-body collision

ArMArM  22 (12)

is necessary in the gas phase to release the latent heat of the condensation and for 

energy and momentum conservation of the total system. Here Ar is a working gas atom 

(particularly argon gas) and M is a free metal atom. When the cluster becomes large 

enough to transfer the latent heat to its internal degrees of freedom, two body collisions 

of atom attachment to a cluster become the leading process for further cluster growth:

1 nn MMM (13)
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Once the embryo is stabilized, the cluster can further grow either via inelastic cluster-

cluster collisions (coagulation) or atomic vapor condensation (homogeneous nucleation, 

a surface growth via addition of atoms to an existing cluster). The route of growth is 

determined by the thermodynamics of the system. For example, theoretical calculations 

of Hihara and Sumiyama corresponded to the experimental data for the atomic vapor 

condensation in the case of nickel atoms [54], which is typical for most metal 

nanoparticles. On the other hand, ceramic particles are formed by coagulation [50]. 

However, the cluster formation strongly depends on the presence of nucleation centers 

such as impurity atoms, ions, etc., i.e. heterogeneous nucleation. Among other, this has 

also been shown by Marek et al. in the case of titanium atoms [60]. Formed clusters 

then leave the cluster source chamber through orifice by traveling with the flow of the 

buffer gas which captures the clusters. The emerging metal cluster beam is highly 

ionized particularly in the Haberland concept [51]. In the case of titanium, about 60% of 

clusters are charged, from which about 60% are negatively charged. This portion of ions 

is greater than achievable with a conventional ionizer [49]. Outside the orifice, at low 

pressure, the number of collisions is minimal and the clusters flow towards a substrate

in an effusive regime. Here, clusters can be further mass (size) and/or charge selected by 

aerodynamic focusing [50], electric deflection plates or quadrupole to obtain narrow 

nanoparticle distributions which is important for industrial applications.

Produced clusters are then collected on any type of substrate positioned in front of the 

orifice. The morphology of a thin film depends on a number of factors including the 

substrate and particle materials and temperatures and the impact energy of the cluster. 

Here, three energy regimes can be distinguished: low energy (~0.1 eV/atom), medium 

energy (1–10 eV/atom) and high energy (>10 eV/atom) [61]. The low-energy deposition 

produces films with low adhesion to the substrate that can be easily removed. The films 

deposited under medium energies adhere more strongly and are colored, while the high-

energy deposition ends up in hard shiny metallic coatings. The difference is 

demonstrated on molecular dynamic simulations in Fig. 1.10 calculated by Haberland et 

al. in which the cluster diffusion on the substrate surface is not taken into account [61].
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Fig. 1.10. Molecular dynamics simulations of the impact of individual Mo1043 cluster (a,b,c) and the 

morphology of the cluster-assembled films created on a Mo (001) surface (d,e,f) as a function of the 

cluster energy; (a,d) 0.1 eV/atom; (b,e) 1 eV/atom; (c,f) 10 eV/atom. Taken from [61].

In the low-energy regime, the clusters suffer little distortion, there is no damage to the 

substrate surface and the film consists of a highly porous array of randomly stacked 

particles. At medium energies, the clusters remain intact but their morphology is 

modified and some defects on the substrate surface can be induced which can 

immobilize the particles after the impact. At high energies, the clusters are completely 

disrupted and the damage caused to the substrate stretches several layers deep. During 

the free jet expansion phase in the sources based on gas aggregation, the neutral clusters 

acquire a speed distribution peaking in a range 50–500 ms-1 depending on the particle 

size and source type. For example, for Fe clusters this corresponds to 0.7–70 meV/atom 

which is well within the low-energy regime. Thus to increase their energy and prepare 

exceptionally good coatings, they need to be ionized and accelerated by application of

an electric field.

Apart from sputtering cluster source, many other concepts for nanoparticle preparation 

have been designed. They can be distinguished by considering the regimes governing 

gas introduction and extraction: continuous or pulsed, effusive or supersonic. Some of 

the methods are joule heating [62], laser vaporization [63], pulsed microplasma cluster 

source [64] or arc discharge [65].
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Clusters and nanoparticles of metals and their oxides have many interesting possibilities 

of utilization in industrial applications, particularly in microelectronics, optoelectronics 

and optics. They can be also used in magnetic applications, as gas sensors, in catalysis 

and biotechnological applications. However, stability, repeatability and high lateral 

resolution of the process must be sustained.

1.6 Electrospinning

Electrospinning (ES) provides a way to produce structured fibers of diameters in the 

range from several micrometers down to tens of nanometers from a polymer solution

[66–69]. Nanofibers are of considerable interest for a broad range of applications – thin 

fibers for filter applications [70], fiber mats serving as reinforcing component in 

composite systems [71], biomedical applications like enzyme immobilization or tissue 

engineering [72], fiber templates for the preparation of functional nanotubes [73] or 

membrane separation or purification due to their high surface to volume or surface to 

weight ratio [74]. A typical set-up for ES of nanofibers can be seen in Fig. 1.11.

Fig. 1.11. Schematic drawing of a typical set-up for electrospinning. The insets show a drawing of the 

electrified Taylor cone and a typical image of non-woven mat of TiO2 nanofibers deposited on aluminum 

collector. Taken and modified from [69].

Tensile, rheological, gravitational, inertial and aerodynamic forces act on the fiber. The 

basis of electrospinning is the electrical force. ES occurs when the electrical forces at 

the surface of a polymer or other viscous solution or melt overcome the surface tension 
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and cause an electrically charged jet to be ejected. During ES process, the tensile force 

is generated by the interaction of the applied electric field with the electrical charge on 

the surface of or inside the jet. Electrical forces in non-axial directions are also 

important. When the jet dries or solidifies, an electrically charged fiber remains. This 

charged fiber can be directed and/or accelerated by electrical forces and then collected 

in sheets or other useful geometrical forms on a grounded collector.

Despite the simplicity of the experimental set-up, the electrospinning process is very 

complex and not fully understood yet. When a high potential (~kV/cm) is applied to a 

viscous liquid, e.g. in a pipette, surface of the liquid is pulled into a shape of a sphere 

section given by electrical forces and surface tension. This is the first step of a jet 

formation. Accumulation of the charge in the tip causes the surface of the liquid to 

protrude and it is then pulled into a conical shape that was described mathematically by 

Taylor [75] and often referred to as a Taylor cone. The charge per unit area at the tip of 

the cone becomes even higher as the radius near the tip of the cone decreases. As the 

potential is increased, the axial velocity of the liquid increases as the polymer is 

accelerated along the axis of the jet and a jet of liquid is pulled from the tip, after which 

electrospinning begins. More about theoretical description of electrospinning jet can be 

found e.g. in [66].

The morphology and properties of nanofibers depend on the properties of the 

electrospun material and the experimental conditions, including the solution 

concentration and viscosity, applied electric field strength and tip-to-collector distance.

In the early years, ES of polymers easily creating viscous solutions was in the centre of 

attention, including polyethylene oxide, nylon, polyimide, DNA, polyaramid and 

polyaniline [66], including various engineering plastics, biopolymers, electrically 

conductive polymers and fluorescent polymers, engineering plastics, block copolymers, 

and polymer blends [69]. The first ceramic nanofibers were nanofibers of TiO2 prepared 

in 2003 by Xia and co-workers from a solution of titanium tetra-isopropoxide (TiO2

precursor, TTIP) in ethanol. A certain amount of poly(vinylpyrrolidone) (PVP) was 

added to the mixture for providing necessary viscosity of the electrospinning solution 

[74]. When the viscous TiO2 sol is electrospun in air, TTIP immediately starts to 

hydrolyze by reacting with the moisture in the surrounding air to generate a continuous 

gel network within the polymer matrix. As a result, an inorganic/polymer composite 

nanofibers are obtained and the polymer binder has to be removed by annealing.
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1.7 Conducting Organic Materials

On the contrary to the inorganic semiconductors, where the structure of a material is 

determined mostly by covalent or ionic bonds between atoms, organic materials are 

mostly composed of carbon, nitrogen and oxygen and the intermolecular interactions 

are influenced by relatively weak van der Waals forces or by hydrogen bonds. The 

intermolecular distances are long in comparison with the distances between atoms or 

ions of inorganic materials so the molecular orbital overlapping is low and the 

intermolecular electron exchange is thus low. The band gap is wide and charge carrier 

mobility is low [76].

Based on the mentioned properties, organic substances were originally considered 

mostly insulators with conductivity in the order of 10-13 Sm-1 and lower. A typical 

example is polyethylene (PE) (Fig. 1.12a) which consists of carbon atoms bonded by σ

bonds into long chains. Energy of such saturated bonds is relatively high and thus the 

electrons forming these bonds are strongly localized. However, the situation is different 

in the case of polyacetylene (PA) (Fig. 1.12b and c). Despite the similarity in the 

chemical structures of PE and PA, PA is a semiconductor with a band gap of 

Eg= 1.24 eV compared to Eg= 7.7 eV of PE which is an insulator [77].

Fig. 1.12. Schematic structure of a) polyethylene, b) trans-polyacetylene and c) cis-polyacetylene. Taken 

from [76].

The decisive difference between these two model substances is the conjugated structure 

of PA molecule. In π-conjugated molecules, single and multiple (double or triple) bonds 

vary between the carbon atoms of the back-bone chain. Electrons forming the multiple 

bonds can be relatively easily excited and thus a strong delocalization of π-electrons 

occurs. This can be easily illustrated on the simplest case, the molecule of benzene in

Fig. 1.13. These electrons act as quasi-free. The π-electrons can freely move in the 

conjugated part of the molecule similar as in the case of metals and are thus a potential 

source of free charge carriers.



25

Fig. 1.13. Molecule of benzene. a) sp2 hybrid bonding orbitals, b) 2pz orbitals of carbon, c) formation of 

delocalized molecular π–orbital from atomic 2pz orbitals of carbon. Taken from [76].

The conductivity is thermally activated:
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where e is electron charge, μ is charge carrier mobility, nf is charge carrier concentration, 

k is the Boltzmann constant, T is the absolute temperature, Ea is activation energy and σ0

is an exponential factor. Conductivity can be increased by light illumination, i.e. 

photoconductivity, or by elongation of an average length of a conjugated structure of 

the backbone. The larger the conjugated system is, the easier is the transfer of the 

delocalized π–electrons. However, many factors limit the electrical conductivity of a 

macromolecule:

1) The lengths of single and double bonds are not equal. Their alteration stabilizes 

the polymer, but does not ensure total electron delocalization.

2) Rotations of chains and side groups break conjugation.

3) Conjugated chain often contains non-linear defects (solitons) that are delocalized 

only at a length of several bonds. This can be chemically modeled as a radical 

positioned in a place of accumulated single bonds.

From this we can see that conjugated structure is not sufficient to ensure that the organic 

material is a good conductor. A problem of charge transfer between different molecules

must be solved in real systems. A serious problem is the weak intermolecular forces

with limited overlap of electronic wavefunctions. Distribution of electron density in the 

plane of a molecule of phthalocyanine is displayed in Fig. 1.14. As can be seen, the 

highest electron density is localized around atoms of carbon and nitrogen. The electron 

density is low around hydrogen atoms and quickly decreases towards the edge of the 

molecule. The density is almost zero in the space between the molecules. Molecules 
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fully maintain their individuality in the molecular crystal on the contrary to atoms and 

ions in crystals bonded by covalent and ion bonds. From this point of view, molecular 

solid can be seen as a diluted molecular gas. As a result, the charge transfer between 

organic molecules is not simple and is limited to intermolecular hopping. Intermolecular 

hopping is realized over the energetic state bellow the edge of the conducting band and 

above the edge of the valence band. The movement of charge carriers can thus be 

represented as a jump over an energy barrier and their mean free path will be 

determined by the distance between the places of the charge transfer.

Fig. 1.14. a) Molecule structure of metal-free phthalocyanine. b) Map of electron density in the plane of 

the molecule. Each solid line represents an increase in the density by one electron on 0.1 nm, dashed line 

represents one-electron contours. Taken from [76].

Utilization of molecular systems can be discussed in two levels. Macroscopic systems 

can be used as passive or active parts of multi-component elements, e.g. conducting 

polymers in batteries, molecular semiconductors as chemical sensors or photoactive 

materials in holographic memories. Their crucial utilization is in the area of organic 

solar cells which will be discussed further in the part 1.8. Interesting is the possibility of 

their deployment as microscopic electronic elements composed of single molecules or 

clusters, e.g. molecular switch, storage, reading and transfer of information [76].

From a practical point of view, common conducting polymers cannot be easily 

processed compared to other polymer materials. They cannot be dissolved in common 
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solvents, cannot be turned into a melt and manipulation with solvents like concentrated 

sulfuric acid brings many technical problems. Current chemical research is focused on 

substituting the polymer backbone chain by proper side-groups to prepare soluble 

organic materials able to be wet processed and prepared from a solution in a form of 

thin film by any of the common techniques (e.g. spin coating, doctor blading, screen-

printing, inkjet printing, etc.). Easier situation is in the case of organic materials with 

low molecular weight which can be thermally evaporated in vacuum. This method has 

the advantage of utilization of a clean environment with the amount contaminants (O2

and H2O) reduced or even eliminated at ultra high vacuum (UHV) (<10−7 Pa).

1.8 Organic Photovoltaic Applications

Organic solar cell research has been developing during the past thirty years (Fig. 1.15). 

However, introduction of new materials, improved materials engineering and more 

sophisticated device structures together with starting global distrust in traditional energy 

sources has attracted enormous scientific and economic interest in the last decade.

Fig. 1.15. Timeline of solar cell energy conversion efficiencies. From National Renewable Energy 

Laboratory (NREL, USA).
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Though efficiencies of the thin-film organic devices have not yet reached those of their 

inorganic counterparts, they are quickly advancing (Fig. 1.15). The perspective of cheap 

and large area production e.g. by employing, roll-to-roll processes drives the 

development of organic photovoltaic devices [78–80].

The basic materials are either conductive organic polymers or small organic molecules 

with π-conjugated structure able to absorb light, photogenerate charge carriers and 

transport them. There are several important differences between the organic conductive 

materials and inorganic semiconductors which result from their structure discussed in 

the previous paragraph. These characteristics need to be taken into account when 

proposing an application of organics in solar cells since they affects design and 

efficiency of such devices [81]:

- low concentration of intrinsic (thermally excited) charge carriers

- poor charge-carrier mobility due to the disorder and limited overlap of electronic 

wavefunctions (van der Waals interactions)

- limited solar spectrum harvesting due to the high optical band gap (~2 eV for 

most organic materials)

- small exciton diffusion length due to the amorphous and disordered structure

(below 20 nm for most conducting organic materials)

- strong electric fields are required to dissociate excitons due to their high binding 

energies

These features of organic semiconducting materials lead to devices with very small 

layer thicknesses, generally below 100 nm. However, despite the problematic properties, 

these materials posses several characteristics that partly balance the mentioned 

disadvantages:

 strong absorption coefficients (over 105 cm-1) that ensure high absorption also in 

devices thinner than 100 nm

 enormous chemical flexibility for modifications

 perspective of a low cost and a large-scale production

For the practical application, not only the improvement of power conversion efficiency 

is important, but also lifetime (or photostability) is required. Both have improved since 

the first generation of organic photovoltaic solar cells in the early 1980’s which were 

based on single organic layers sandwiched between two metal electrodes of different 
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workfunctions [82]. The power conversion efficiencies  were in the range from 10-3%

to 10-2%. The evolution then followed by introduction of a bilayer heterojunction (in 

1986,  ~ 1%) [83], tandem cells (in 1990) [84] and a bulk heterojunction (in 1995) [85].

The improvement of organic solar cells has speeded up in the last 10 years:  ~ 1.5–4% 

for evaporated bilayer devices (2001), bulk heterojunction polymer–fullerene devices 

(2001), co-evaporated molecular devices (2002) and organic–inorganic hybrid devices 

(2002) [82]. There has also been a wide research on solar cells conceptually similar to 

the bulk heterojunction: dye-sensitized (electrochemical) solar cells (DSSC) introduced 

by Graetzel et al. in 1991 [17,86,87]. These Graetzel cells consist of inorganic TiO2

nanoparticle thin film electrode soaked in an organic dye solution covered by a liquid 

electrolyte (usually iodide ion/tri-iodide ion (I−/I3
−) redox couple) and sealed by a 

platinum counter-electrode from the top. Their weakness lies in the liquid electrolyte. It 

is prone to evaporation, corrosion, leakage and thermal instability which limit the long-

term stability and practical performance of the cells [88]. However, the electrochemical 

and organic photovoltaic research directions have merged together in the recent years.

Organic hole conductors were introduced as a replacement for the liquid electrolyte in 

dye-sensitized solar cells as well as the electron conducting acceptor materials were 

exchanged with inorganic nanocrystals in organic heterojunction devices. A comparison 

of deployment of particular technologies in the terms of the worldwide market share 

between the year 2006 and an outlook for the year 2015 can be seen in Fig. 1.16. The 

expectation is that the crucial part will be still held by inorganic silicon solar cells, 

among which thin-film amorphous and nanocrystalline cells will double their share in 

this period. Nevertheless, the use of organic based devices should double as well.

Fig. 1.16. Worldwide market share of technologies in year 2006 (left) and 2015 (right). Taken from [89].
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The process of light conversion into electric current consists of four consecutive steps:

I. absorption of a photon and a subsequent formation of an exited state – electron-

hole pair (exciton)

II. diffusion of an exciton to a region where

III. charge separation occurs

IV. charge transport to anode (holes) and to cathode (electrons)

This process is schematically depicted in Fig. 1.17.

Fig. 1.17. Schematic representation of process of light conversion into electric current.

The electric current that a photovoltaic cell produces is proportional to the number of 

charges collected at the electrodes. This number depends on the fraction of photons 

absorbed (abs), the fraction of dissociated electron-hole pairs (dis) and the fraction of 

separated charges that reach the electrodes (out). This determines the overall 

photocurrent efficiency (j) [82]:

outdisabsj   (15)

Here abs depends on absorption spectrum, absorption coefficient, absorbing layer 

thickness and internal multiple reflections at metallic electrodes and dis is determined 

by the probability of exciton diffusion into a region of charge separation and probability 

of the separation in there. These are the most important characteristics determining the 

construction of an organic solar cell.

The architecture of the cell must also take into account the exciton binding energy 

which is generally large in organic semiconductors (0.1–1 eV) compared to silicon

(15 meV). The built-in electric field (order of 106–107 V/m) is usually not high enough 

to dissociate the excitons directly. This is possible at a sharp potential drop either at the 
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organic semiconductor-metal or at the donor-acceptor (D–A) interfaces. There are four 

basic device architectures which differ in the processes of exciton dissociation (charge 

separation) and consecutive charge transport to electrodes [82]:

1) single layer

2) bilayer heterojunction

3) bulk heterojunction

4) diffuse bilayer heterojunction

The first organic solar cells were based on single molecular organic layers sandwiched 

between two metal electrodes of different work functions. Their further improvement is

almost solely limited to innovations in the organic material. Heterojunction 

architectures are more prospective from the point of view of the improvement of solar 

cell efficiency and therefore are more studied than the single layers. Heterojunction 

structures comprise of a donor and an acceptor materials that are stacked together. 

Various heterojunction types are recognized according to the nature of the interface 

between these materials. Charge separation occurs at this interface and is mediated by a 

large potential drop between donor and acceptor. In bilayer heterojunction, this interface 

is planar (Fig. 1.18). Since the exciton diffusion length is below 20 nm, as was already 

discussed, only those excitons generated in a small region within 20 nm from this 

interface contribute to the photocurrent. This problem is solved in the case of bulk 

heterojunction. Its essence is to intimately mix the donor and the acceptor materials in a 

bulk volume so that each donor-acceptor interface lies within a distance shorter than the 

exciton diffusion length of each absorbing site (Fig. 1.19). The interface area is largely 

increased and all excitons should be dissociated within their lifetime. In this concept, 

similar to bilayer heterojunction, the charges are separated between different phases 

with specific electron or hole transporting properties so the recombination is reduced. 

However, the bulk heterojunction requires percolated pathways to the contacts for both 

hole and electron transporting phases. Therefore, the bulk heterojunction devices are 

much more sensitive to the nanoscale morphology. The diffuse bilayer heterojunction is 

a compromise between these two concepts. It aims to adapt advantages of both bilayer 

and bulk heterojunctions, i.e. enlarged donor-acceptor interface and spatially 

uninterrupted pathway for the opposite charge carriers to their corresponding electrodes

(Fig. 1.20a). The efficiency of such nanostructured heterojunction is higher than that of 

planar interface of a bilayer heterojunction (Fig. 1.20b).
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Fig. 1.18. Bilayer heterojunction photovoltaic cell: a) Schematic structure, b) Representation of energy 

levels; D – electron donor, A – electron acceptor. Photogenerated excitons can only be dissociated in a 

thin layer at the heterojunction and thus the device is exciton diffusion limited. b) taken from [82].

Fig. 1.19. Bulk heterojunction photovoltaic cell: a) Schematic structure, b) Representation of energy 

levels; D – electron donor, A – electron acceptor. The D and A materials are blended together throughout 

the whole film. Photogenerated excitons can be dissociated into charges at any place. b) taken from [82].

Fig. 1.20. a) Schematic structure of a diffuse bilayer heterojunction photovoltaic cell. b) Comparison of 

power conversion efficiencies of CuPc/PTCBI organic photovoltaic cells with a planar bilayer 

heterojunction and heterojunction comprising nanostructure, taken from [90].
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The diffuse bilayer and bulk heterojunction concepts are influenced by the nanoscale 

morphology to a great extent. The main processes directly affected by the morphology 

are the exciton diffusion and subsequent dissociation (dis) as well as the charge 

transport to the electrodes (out). To improve the overall cell performance, the 

nanomorphology must be optimized, i.e. all photogenerated excitons have to reach and 

dissociate at the donor-acceptor interface and subsequently all created charges have to 

reach the respective electrodes. To obtain this, an optimum nanometer domain size of 

the phase separation between donor and acceptor is needed to balance exciton 

dissociation and charge transport requirements. One of the concepts for 

nanomorphology control is the application of inorganic nanostructures, such as 

nanoporous TiO2 films, which allows a precise control of the interfacial structure within 

hybrid solar cells [82,91,92]. Morphological stability is an important question to solve. 

Any aging effects at elevated temperatures which are normal under operating conditions

should be minimized.
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2 Experimental

Various approaches to thin film deposition of TiO2 nanostructures and organic 

semiconductor materials were studied in order to compare the characteristics and 

properties of the resulting films. As has already been mentioned, both ‘wet’ chemical 

(sol–gel) and vacuum methods can be utilized. In this study, the emphasis was put on 

the vacuum techniques. Technical details of the deposition methods used will be 

described in the first two sections of this chapter. Further, diagnostic and 

characterization techniques utilized will be described. The last section comprises a list 

of precursor materials and other chemicals used.

2.1 Vacuum Deposition Techniques

Most of the thin films described in this study were vacuum-deposited in different high 

vacuum (HV) apparatuses available in our laboratory. They consisted of a stainless steel 

vacuum chamber (about 0.04 m3) pumped by rotary and diffusion pumps with pumping 

speed between 0.2 m3/min and 0.5 m3/min. The pressure in the vacuum chamber was 

measured by two types of vacuum gauges according to the actual pressure values. 

Capacitance pressure gauges MKS Instruments Baratron with digital readouts PR4000B 

or PDR-C-12/SP were used for measurements at higher pressures (10-2 Pa to 103 Pa) 

and during measurement of flow rate of working gas. Low pressure ionization vacuum 

gauges Kurt J. Lesker IG2200 (working range 10-1 Pa to 10-8 Pa) or Laboratorni 

pristroje Praha IV1 (working range 10-2 Pa to 10-4 Pa) were used for measurement of the 

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

Flow of working gases was controlled by commercial flow controller MKS Instruments 

Mass-Flow in the case of inert argon (Ar) and by a commercial needle valve Balzers 

VDH016-X in the case of reactive oxygen (O2). Deposition rate of the films and actual 

thickness of the growing film was controlled by a QCM (see part 2.3.2). This vacuum 

apparatus could be modified and equipped with special components according to 

requirements of particular film deposition technique. Each of them is described below.
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2.1.1 Plasma Polymerization

Plasma polymerization technique (see part 1.1) was predominantly used for deposition 

of plasma polymerized thiophene (pTh) thin films. Vapors of a liquid thiophene (Th) 

monomer were polymerized in RF glow discharge. The experimental set-up is 

schematically depicted in Fig. 2.1. Excitation electrode covered by a graphite carbon

target with low sputtering rate was connected via a matching unit to RF generator 

(Dressler Cesar 136 600W, 13.56 MHz). Two modes of plasma polymerization were 

studied; continual wave (CW) at powers between 2 W and 80 W and pulse mode (PM) 

with various duty cycles D (from 2% to 90%) at peak power values between 5 W and 

50 W. One pulse in PM consisted of time on of a constant length 10 ms and time off, 

which varied from 3 ms to 490 ms. Pulse mode was controlled by a pulse generator 

Hung Chang PG1000 by triggering the main RF generator. Vacuum chamber, base plate 

and substrate holder were grounded. Flow of thiophene monomer was controlled by a 

needle valve at a fixed rate of 12.5 sccm. Working pressure was held at 5 Pa. Single thin 

films of plasma polymerized thiophene were prepared at first. After optimization of the 

process, bilayer composite films with TiO2 were studied (see part 3.3.1). For this 

purpose, plasma polymerized thin films of thiophene were deposited on substrates with 

pre-deposited smooth films of magnetron sputtered TiO2.

Fig. 2.1. Diagram of the apparatus for plasma polymerization. B – baratron, G – graphite target, I –

ionization gauge, L – load-lock, OES – to optical emission spectrometer, P – to rotary and diffusion 

pumps, QCM – quartz crystal microbalance, RF – to RF power supply, S – substrate holder, Th – inlet of 

thiophene monomer, W – window.
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The possibility to deploy this technique for preparation of nanocomposites of titanium 

oxide in hydrocarbon plasma polymer matrix (TiOx/C:H) was studied, as well (see part

3.2.2). The notification TiOx is used to stress, that as a result of preparation of such 

nanocomposites, the ratio O/Ti is not necessarily equal to the stoichiometric value of 2. 

Parallel plasma polymerization of n-hexane with magnetron sputtering of TiO2 target in 

argon was utilized for the deposition of nanocomposite thin films.

2.1.2 Magnetron Sputtering

Magnetron sputtering (see part 1.4) is the method mostly employed in our laboratory. It 

is based on a plan-parallel electrode system with one or two (for deposition of 

nanocomposite films) balanced magnetrons positioned below a substrate holder in a 

distance of about 40 mm. Magnetrons were equipped with targets of various materials 

and connected to power supplies according to particular deposition arrangement.

TiO2

Emphasis in this study was put on magnetron sputtering of TiO2 as the inorganic 

component of the composite films. Many different combinations of target material, 

working gas composition and pressure, power source and magnetron types were

systematically tested and studied:

 TiO2 target in Ar with RF or DC power supply

 TiO2 target in Ar+O2 mixture with RF or DC power supply

 Ti target in Ar+O2 with RF or DC power supply

In the case of RF magnetron sputtering, the excitation electrode was connected via a 

matching unit to RF (13.56 MHz) power supply (ENI ACG-6B 600W). The reflected 

power was adjusted via the matching unit to zero. The RF power was 100 W. In the case 

of DC sputtering, the electrode was connected directly to DC power supply (Advanced 

Energy AE MDX 1.5K) operated in a ‘constant current’ mode at 0.2 A which 

corresponded to about 90 W. All the other parts of apparatus including substrate holder 

were grounded. Magnetrons were cooled by water during operation to overcome their 

overheating and damaging the magnetic circuits and/or the targets. Targets of circular 

shapes were placed on top of magnetrons. Thickness of TiO2 target was 5 mm and 

thickness of Ti target 0.7 mm.
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In case of sputtering from ceramic TiO2 target, a balanced magnetron of 81 mm in 

diameter was used. The magnetic circuit was formed of neodymium magnets. The 

maximum intensity of the parallel component of magnetic field on the surface of the 

target was B||max = 100 mT. The total working gas pressure and its flow rate were held 

constant at 5 Pa and 6 sccm, respectively. In case of reactive sputtering, the content of 

oxygen in the mixture was 5–42% as evaluated from the flow rate ratios.

In case of sputtering from Ti target, an unbalanced magnetron of 90 mm in diameter 

with B||max = 22 mT was used. The amount of oxygen in the working gas mixture was 

tested in the range from 1% to 50%. The total working gas pressure was 3 Pa and the 

total working gas flow rate was 20 sccm. A schematic representation of the 

experimental set-up is depicted in Fig. 2.2a.

Fig. 2.2. Diagram of the vacuum deposition apparatus for a) magnetron sputtering of TiO2; b)

simultaneous co-sputtering of composite films TiOx/pPP. Ar(+O2) – inlet of working gas (argon

(+oxygen)), B – baratron, C – water cooling, DC/RF – to DC/RF power supply, I – ionization gauge, L –

load-lock, M, M1, M2 – magnetrons, OES – to optical emission spectrometer, P – to rotary and diffusion 

pumps, PP – polypropylene target, QCM – quartz crystal microbalance, S – oscillating substrate holder, 

Ti/TiO2 – titanium/titanium dioxide target, W – window.

TiOx/pPP

In case of deposition of TiOx/hydrocarbon plasma polymer composite films (see part 

3.2.1), simultaneous co-sputtering in argon from two balanced planar magnetrons (DC 
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and RF) equipped with titanium dioxide (TiO2) and polypropylene (PP) targets, 

respectively, was utilized. TiO2 was DC sputtered by magnetron with neodymium 

magnets (B||max = 100 mT) while PP was RF sputtered by magnetron with standard 

ferrite magnets (B||max = 17 mT). The vacuum deposition apparatus is depicted in Fig. 

2.2b. Here, magnetrons were placed under a linearly movable substrate holder in a 

distance of 40 mm fluently moving (oscillating) at a frequency of 1 Hz. The movable 

substrate holder was designed and constructed in our laboratory. Tests proved it to 

produce composite films with a better homogeneity and optimized composition than the 

previous holder switching the positions step-wise above each target [13–15]. It was 

attached to the chamber via a load-lock system. The centers of the magnetrons with the 

targets 81 mm in diameter were 90 mm apart. The magnetron with TiO2 target was 

powered from Advanced Energy (AE MDX 1.5K) DC power supply while the 

magnetron with PP target was powered from RF Dressler 500 power supply 

(13.56 MHz). The DC power supply was operated in a ‘constant current’ mode. This 

set-up allowed us to configure deposition rates separately and control the final 

composition of the composite films. The TiOx component of the films was prepared by 

a non-reactive method, i.e. without using oxygen. The preparation conditions were set 

according to data acquired for each component in separate sputtering experiments. 

Working gas pressure and its flow rate were held constant at 5 Pa and 7 sccm, 

respectively. The only parameters changed were the powers delivered to the magnetrons. 

The RF power for PP (PPP) ranged from 20 W to 60 W, however mostly held at 40 W. 

The DC generator for the TiO2 magnetron was operated at 0.05–0.35 A, which 

corresponds to 20–200 W power (PTiO2).

2.1.3 Thermal Evaporation

Simple thermal evaporation technique was used for the deposition of terthiophene (3T) 

thin films from a terthiophene powder (see part 3.4.1). The precursor powder was 

placed in an evaporation crucible which was heated up by electric current (50 Hz, AC) 

at 35 A. The evaporation temperature was around 130°C, while the melting point of 3T 

is 93–95°C as stated by the producer (Sigma-Aldrich). The actual temperature was 

controlled by a thermocouple, which was fixed directly on the heater body. The 

arrangement allowed also simultaneous activation of volatile fragments by a glow 

discharge (Fig. 2.3a). It was excited by an electrode with a graphite target placed below 
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the evaporation crucible and connected to RF power supply (Dressler Cesar 136 600W, 

13.56 MHz). The evaporator was positioned 40 mm above the magnetron and 100 mm 

below the substrate.

Similar to the case of thiophene, the first step was to prepare and optimize evaporated 

single films of 3T and evaporated films with plasma activation. The study further 

continued by preparation of composite films of 3T and oxidized Ti nanoclusters in the 

form of diffuse bilayer heterojunction (see part 1.8). For this purpose, thin films of 3T 

were deposited on substrates with pre-deposited nanostructured films of Ti clusters.

Fig. 2.3. Schematic representation of the experimental arrangement for a) thermal evaporation of 3T with 

simultaneous activation of volatile fragments with a glow discharge, taken from [93]. (3T – terthiophene 

powder, AC – to AC power source (50 Hz), Cr – crucible, E – excitation electrode; G – graphite target, Q 

– quartz crystal microbalance, RF – to RF power source (13.56 MHz), S – substrate holder, T –

thermocouple.); b) deposition of TiOPc films by SPIAD method.

2.1.4 Surface Polymerization by Ion-Assisted Deposition (SPIAD)

Titanyl phthalocyanine (TiOPc) thin films were prepared using simple evaporation and

surface polymerization by ion-assisted deposition (SPIAD) in UHV deposition system. 

The SPIAD technique combines the simultaneous dosing of hyperthermal ions while 

depositing an organic oligomer (Fig. 2.3b) [94,95]. The evaporation of neutral TiOPc 

molecules was performed by an organic dozer (Kurt J. Lesker LTE 11000 K) at 325–

340ºC while polyatomic acetylene ions (C2Hx
+, x = 0,1,2) at 50 eV were used for the 

bombardment of the evaporated TiOPc molecules. The ions were produced by a 
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commercial broad-beam Kaufman ion source from acetylene gas at ion current of 

1.3 μA/cm2 at 45º incident angle and at 1/1 ion to neutral ratio. QCM (Sigma 

Instruments SQC-222) was used to measure the flux of the TiOPc and the resultant film 

thickness [95].

Further, bilayer heterojunction films of TiO2 and evaporated or SPIAD TiOPc were 

prepared. Smooth TiO2 films were deposited by DC reactive magnetron sputtering of 

TiO2 target (Fig. 2.2a). Balanced planar magnetron with TiO2 target was placed under a 

substrate holder attached to the chamber via a load-lock system at a distance of 40 mm. 

The working gas consisted of a mixture of argon and oxygen (17% of O2). Working gas 

pressure and its total flow rate were held constant at 5 Pa and 6 sccm, respectively. The 

magnetron was powered from an Advanced Energy (AE MDX 1.5K) DC power supply. 

The DC power supply was operated in a ‘constant current’ mode at 0.2 A, which 

corresponded to about 90 W power.

2.1.5 Gas Aggregation Cluster Source

Titanium nanocluster films were prepared using a gas aggregation cluster source based 

on a planar magnetron (Fig. 2.4). The cluster source was recently designed and 

constructed in our laboratory following the Haberland concept [51]. A DC power supply

(AE MDX 1.5K) operating in a ‘constant current’ mode was connected to the 2-inch 

magnetron head equipped with Ti target. The magnetron was installed in the gas 

aggregation chamber, both being cooled by water at a room temperature. The entire 

assembly of the magnetron and the gas aggregation chamber was mounted inside the 

main deposition chamber pumped by rotary and diffusion pumps. The inner volume of 

the cluster source was separated from the main chamber by an exit cone with an orifice 

of 2 mm in diameter. Argon was used as a working gas. The pressure inside the cluster 

source was controlled by changing the input flow rate of the gas. 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.
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Fig. 2.4. Schematic drawing of the vacuum deposition system for Ti nanoclusters. Ar – inlet of working 

gas (Argon), C – water cooling of magnetron and cluster source chamber, CS – cluster source chamber, 

d.c. – to d.c. power source, DCh – deposition chamber, M – magnetron, O – orifice, P – to rotary and 

diffusion pumps, S – substrate holder or QCM head, Ti – Titanium target.

Ti nanoclusters were deposited on a substrate positioned in the main chamber 20 cm 

away from the exit orifice. The depositions were performed either in dependence on the 

magnetron current or on the argon pressure (flow rate) inside the cluster source. 

Deposition rate was measured before sample preparation by quartz crystal microbalance 

(QCM) placed in the position of the substrates. All metal nanocluster films were 

introduced to ambient atmosphere after deposition during their transfer to various 

characterization systems. The samples were then allowed to oxidize in air at room 

temperature for a given time in order to study their ageing. Selected nanocluster films 

were annealed in a high temperature oven (VEB Elektro MLW LM 212.11) in air at 

420°C for 1 hour followed by a natural cool-down.

2.2 Deposition from Solution

2.2.1 Electrospinning

Titania nanofibers (NF) were prepared by electrospinning method. For this purpose, two 

solutions were prepared in separate flasks in a closed bag under argon atmosphere at 

room temperature ~24ºC and at relative humidity ~10%. Relative humidity of air (RH) 

was controlled by two humidity meters (Empex EX-2727 and As One LHI-LPN). In the 

precursor solution preparation procedure, 1.565 ml of titanium tetra-isopropoxide 

(TTIP) was mixed with 3 ml ethanol and 3 ml acetic acid for stabilization. After stirring 

for 10 minutes, it was poured into a viscous solution of 0.45 g poly(vinylpyrrolidone) 
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(PVP) dissolved in 7.5 ml ethanol. After their mixing, the electrospinning solution was 

stirred for another 30 minutes.

Nanofiber films were electrospun right after preparation of a fresh solution and its 

stirring. During the electrospinning of TiO2 nanofibers, the tip of a G22 needle 

(diameter 0.7 mm) was connected to a high voltage source Nippon Stabilizer Industry 

HSP-30K-Z and kept at 8 kV. Its distance from the grounded aluminum foil collector 

with substrates was set to 5 cm providing electric field strength of 1.6 kV/cm. Feeding 

rate of the electrospinning solution was controlled by a syringe pump at 0.2 ml/h. 

Further, RH was controlled during electrospinning at ~20%. A schematic illustration of 

the set-up utilized for electrospinning is depicted in Fig. 2.5.

Fig. 2.5. Schematic illustration of the set-up used for electrospinning of TiO2 nanofibers.

Annealing was performed in a high temperature oven Nabertherm HT08/16 in air at 

420ºC. Temperature increase was set to 2ºC per minute starting from room temperature. 

The maximum temperature was maintained for 1 hour and was followed by a natural 

cool-down. Samples that passed the heat treatment will be further denoted with capital 

“A” at the end of their label to be easily distinguished from the as-prepared ones.

Afterwards, different amounts of Safranin O dye (SAF) were dissolved in three different 

solvents: ethanol, water and ethanol solution with PVP at various concentrations. A 

droplet of such solution was then applied on the surface of the prepared titania 

nanofibers. Both as-prepared and annealed TiO2 nanofibers were used for comparison. 

After evaporation of ethanol, this structure formed the desired composite films of titania 

nanofibers and organic material of various concentrations.
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2.3 Diagnostics of Deposition Process

Utilization of in-situ diagnostics of the processes in the bulk plasma and at the substrate 

interface is necessary to control the deposition process and growth of a thin film. The 

in-situ diagnostics substantially contribute to the reproducibility of the experiment. In 

our study, we utilized mainly two basic methods, optical emission spectroscopy (OES) 

and quartz crystal microbalance (QCM).

2.3.1 Optical Emission Spectroscopy (OES)

The method of optical emission spectroscopy (OES) is often deployed for in-situ

diagnostics of processes in low temperature plasma and plasma polymerization due to 

its relative experimental simplicity and the fact that it is non-intrusive and thus does not 

influence the studied process.

Excitation of various species present in plasma occurs during collisions. The excitation 

by direct electron impact is dominant in low-temperature plasmas at low pressures. The 

excited species can subsequently deexcitate by spontaneous emission of a characteristic 

radiation. OES is based on detection and analysis of this radiation. 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. The wavelengths 

observed using a usual OES configuration are in the UV, visible and near IR ranges.

A spectroscopic apparatus constructed in our laboratory consisting of a monochromator

ARC SpectraPro-300i with a grid and a photomultiplier Hamamatsu R928 was utilized 

in the experiments. It was connected to the deposition chamber via an optical fiber and a 

quartz window. Spectra were recorded in the range 200-800 nm and analyzed according 

to sources [97,98].

2.3.2 Quartz Crystal Microbalance (QCM)

Deposition rate for particular materials and films were measured by the method of an 

oscillating quartz crystal with an intrinsic oscillation frequency of f = 5 MHz. When a 

thin film is deposited on such a crystal, its overall mass changes (dm) which in turn 

influences the oscillation frequency of the crystal (df)
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where ρ is the density of quartz crystal, S is the area of the deposited film and N is a 

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

film can be neglected. The change in the frequency can be compared to the actual 

thickness of the film measured by an independent method (e.g. surface profiler or AFM)

and thus calibrate the deposition rate for any particular material.

2.4 Characterization of Film Topography and Morphology

The prepared films were studied by many different characterization methods in order to 

comprehensively characterize their properties. The used characterization techniques 

utilized can be roughly divided into four groups: methods for characterization of 

morphology, chemical structure, optical and electrical properties. The basic principles 

of these techniques and their configurations are described in the following sections.

2.4.1 Surface Profiler

Thickness of the deposited films was typically measured by commercial stylus surface 

profiler SF 200 (Planer Industrial) available in our laboratory. Thickness of titanium 

nanocluster films was measured by surface profiler Ambios XP-2 at UJEP in Usti n. 

Labem. Thickness of titania nanofiber films was measured by a stylus profiler Veeco 

Metrology Dektak 6M at NIMS, Japan. The utilized devices allow also mapping of the 

surface profile and determination of its roughness [99]. Stylus surface profiler utilizes 

low-pressure (8 mgμm-1) diamond stylus and allows a limit vertical resolution of 10 nm. 

However, the practical resolution of the device is not high enough for the measurement 

of thicknesses below 100 nm and the measurement error is relatively high. Generally, 

the Ra roughness of the prepared samples was in the range below 10 nm which is lower 

than the resolution of the device. In these cases, AFM had to be utilized (see section 

2.4.2).

In the film thickness measurement, a series of scratches are cut into the film deposited 

on a glass substrate. A surface profile is then scanned by surface profiler in a line 

perpendicular to the scratches. The measurement error has been estimated to ±10%.
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2.4.2 Atomic Force Microscopy (AFM)

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

the surfaces of the films, estimation of their roughness and dimensions of TiO2

nanoparticles (nanoclusters or nanofibers). AFM is based on measurement of the forces 

acting between the surface of a sample and a sharp tip positioned at the end of a 

cantilever. Microscope can work either in contact mode (repulsive forces of about 10-8–

10-9 N) or in a mode of attractive forces (non-contact mode) in which weak van der 

Waals forces (~10-11 N), magnetic or electrostatic forces are utilized. This method is 

suitable for characterization both conducting and non-conducting surfaces in air, liquid 

or in vacuum. More about the AFM technique can be found e.g. in [44].

The studied samples were deposited on polished silicon wafers with very low intrinsic 

surface RMS (root mean square) roughness (below 1 nm on 5x5 μm2 scan area).

Thickness of films was measured either on a glass slide on a scratch in the same way as 

described in part 2.4.1 or on a silicon wafer using cellulose acetate drop that could be 

peeled off from the substrate after the deposition creating a sharp edge in the film. The 

measurement of the sample thickness by AFM is done with a higher accuracy than by 

surface profiler.

The morphology and thickness of the particular films was observed using different 

AFMs. Characterization of most of the prepared films was carried out on microscope 

Quesant Q-Scope 350 available in our laboratory. The titania nanofiber films were 

studied by Shimadzu SPM-9500 J3 in NIMS, Japan. Titanium nanoclusters were studied 

by NT-MDT Ntegra Aura at UJEP in Usti n. Labem. All the AFMs were operated in 

tapping mode to avoid surface damage. The RMS roughness values (the standard 

deviation of the Z values within the image area) were calculated from 5x5 μm2

microscans at resolution of 512 data points.

2.4.3 Other Techniques

Also techniques other than those available in our laboratory were utilized for the 

characterization of morphology of the prepared samples. These were mainly electron 

microscopes, SEM and TEM. Electron microscopes use a beam of highly energetic 

electrons to examine objects on a very fine scale. This examination can yield 

information about the topography (surface features of an object), morphology (shape 
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and size of the particles making up the object), composition (the elements and 

compounds that the object is composed of and the relative amounts of them) and 

crystallographic information (how the atoms are arranged in the object).

I. Scanning Electron Microscopy (SEM)

The topography of the deposited samples was determined by scanning electron 

microscope (SEM) on thin films prepared on polished silicon substrates. To display the 

sample surface, SEM utilizes bombardment of the sample by primary electrons (PE) 

with energies between 2–40 keV and analyzes signals from secondary electrons (SE) 

and back-scattered electrons (BSE). The BSE are often characterized as electrons that 

escape from the sample with an energy EBSE ≥ 50 eV after (eventually multiple) elastic 

and inelastic scattering. Electrons emitted with energy lower than 50 eV are considered 

to be SE.

Due to bombardment of the sample by electrons, charging of its surface often occurs in 

the case of non-conducting materials. There are several ways to suppress this effect: 

discharge of the surface by ion or electron beam of energy different from the energy of 

the displaying beam, covering of the sample by a metallic foil with a small hole for 

displayed area, exposure to X-rays or using silica gel for making the surface more 

conductive. However, the most widely utilized modification of non-conductive surfaces 

is their coating by a thin conductive film. More details about SEM technique can be 

found e.g. in [44].

Model Tescan Mira II (available at Department of Surface and Plasma Science, Faculty 

of Mathematics and Physics, Charles University in Prague) working at 30 kV and 

equipped with both SE and BSE detectors was used to observe the morphology of the 

titanium nanocluster films together with estimation of the size of nanoclusters. SEM 

JEOL JSM-5600LV working at 20 kV was utilized to study TiO2 nanofibers and SAF 

thin films at NIMS, Japan. For the purpose of SEM measurement, the SAF samples and 

composite samples of TiO2 nanofibers with SAF were coated by a platinum thin film of 

thickness ~10 nm to prevent surface charging.
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II. Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is an effective method for study of a structure 

of a composite material. When electrons transmit through a sufficiently thin sample 

(typically up to 100 nm) some of them can be absorbed or diffracted by the material. 

According to our interest, we can register either the transmitted electrons, i.e. 

unscattered beam (bright field image) or the electrons diffracted into a certain direction, 

i.e. elastically scattered beam (dark field image). The bright field image displays areas 

of a material with different electron absorption while crystal plane reflecting electrons 

into the one particular direction is displayed in the dark field image. Crystal structure of 

a material can be estimated from electron diffraction patterns by Selected-area 

Diffraction (SAD) analysis. A limitation for a successful characterization is that its 

respective components absorb electrons differently so that a good contrast can be 

obtained. More about TEM can be found e.g. in [100–102].

Transmission electron microscopes 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) and Philips STEM CM12 working at 120 kV (available at the 

Institute of Physics of Materials of the Academy of Sciences of the Czech Republic in 

Brno) were utilized for characterization of nanocomposite films of a plasma polymer 

with TiO2 inclusions and measurement of size of Ti nanoclusters and its distribution. 

Crystal structure of the samples was estimated from electron diffraction patterns by 

SAD analysis according to the database provided by the International Centre for 

Diffraction Data (ICDD) [103]. For the purposes of TEM measurement, thin film 

samples (thickness of about 70 nm) were deposited on copper grids with carbon foils

(S160, Agar Scientific). The obtained digital photographs were corrected for contrast 

and/or brightness where necessary. Images were then statistically processed by ImageJ 

v1.43q software [104]. Cluster diameter distributions obtained from sets of 6 

micrographs (magnification 100,000x) were fit by log-normal function. Median (μ) and 

standard deviation (σ) values were determined from the actual distribution of the 

measured diameters while the modal value of diameter (modeF) was obtained from the 

log–normal fit of the distribution.



49

2.5 Characterization of Film Structure

Apart from the morphology of the film surface, chemistry of the surface and structure of 

the whole film are important for application of plasma polymer and composite films. 

There are several advanced techniques we can utilize for characterization of the 

structure of films.

2.5.1 Static Contact Angle of Water (WCA)

Static contact angle of water (WCA) is a basic method for characterization of 

wettability of a film [105]. Apart from measurement of a contact angle, it can be used

for determination of adhesion between the surface of a solid and a liquid or testing of 

purity and processing of the surface of the solid. The contact angle is the angle at which 

the liquid–vapor interface meets the solid–liquid interface. It is determined by a force 

balance between adhesive and cohesive forces. When a droplet of water is dropped off 

on a surface of a deposited film or bulk material, the droplet in equilibrium will acquire 

its shape according to the minimum of Helmholtz free energy. There is an energetic 

equilibrium on a phase interface between the solid, liquid and gas phases. This 

equilibrium is described by Young equation [106], which can be represented in its 

simplified form:

Ylsls  cos (17)

where γ is the surface tension between the corresponding phases (s – solid, l – liquid) 

and θY is the equilibrium contact angle measured from the liquid to the tangent of the 

droplet surface at the point of the contact of the liquid and solid phases.

According to the value of contact angle of water measured in air, we can divide surfaces 

(and materials) into hydrophilic (θY < 90°) and hydrophobic (θY > 90°). However, the 

value of water contact angle depends on both the chemical composition and the 

roughness of the films. The actual contact angle measured on a rough surface (called the 

Wenzel angle, W) is related to the equilibrium (Young) angle Y measured on a smooth 

surface as

YW k  coscos  (18)

where k represents the actual surface area/planar surface area ratio or, in other words, 

the ratio of the true wetted area to the apparent area [107]. Wenzel’s equation suggests 
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that a surface with a higher roughness will lead to an increase of the water contact angle 

if the angle for a smooth surface is larger than 90° (i.e. the material is hydrophobic) and 

to a decrease of the angle when the angle for a smooth surface is less than 90° (i.e. the 

material is hydrophilic). In an extremely high surface roughness, the wettability enters 

so called Cassie-Baxter mode in which the droplet remains only on the tips of the 

surface structures [108]. More about the influence of roughness on the value of contact 

angle can be found e.g. in [109–112].

The static contact angle of water was measured by a sessile droplet method on an 

apparatus designed and constructed in our laboratory. A droplet of water is dropped off 

on a glass substrate with a deposited film. After a stabilization of the system for 30 

seconds, a photograph of the droplet on the film is taken and the contact angle is 

evaluated using Wettability Pro v2.7.1 software. The measurement is repeated 3–5 

times on different spots on the film surface. The accuracy of our method was estimated 

to about ±2°.

2.5.2 Fourier Transform Infra-Red Spectroscopy (FTIR)

Fourier Transform Infra-Red Spectroscopy (FTIR) is a method suitable for 

characterization of plasma polymer films and identification of some chemical structural 

groups. Infra-red absorption spectroscopy studies fundamental vibrations and associated 

rotational-vibrational structure of molecules via absorption of a photon of a specific 

frequency in resonance with the frequency of vibrations. The resonant frequencies can 

be in a first approach related to the strength of the bond and the mass of the atoms at 

either end of it. Thus, 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:

1) position of its maximum on the wavenumber axis – expressed as a wavenumber 

of a normal vibration band ν, given in cm-1 and in relation hcE  represents

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

corresponding to the particular normal vibration

2) position of its maximum on the intensity axis (either in transmittance or 

absorbance) – intensity of an absorption is given as an area of the absorption 

band and represents the probability of the particular transition
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3) its shape (Gauss, Lorentz) – determined by interactions taking place in the film

The hearth of a FT spectrometer is the Michelson interferometer. Total intensity of the 

transmitted light is measured as the output. It is a function of the difference of optical 

paths in both arms of the interferometer. The dependence of the intensity on the 

wavelength is obtained after a Fourier transformation of the final intensity. More about 

the theory of FTIR can be found e.g. in [113].

FTIR RAS (Fourier Transform Infra-Red Reflection Absorption Spectroscopy) was 

performed using a Bruker EQUINOX 55 system in a spectral range 400–4000 cm-1 to 

characterize the deposited films. The measurements were carried out on films deposited 

on glass substrates pre-coated by a reflective gold layer. The spectra so obtained were 

evaluated using tables [114,115] and other journal literature.

2.5.3 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy for 

Chemical Analysis (ESCA), is a widely utilized technique for chemical analysis of 

surfaces of materials. It is based on the surface photoelectric effect. If a photon with an 

energy hν hits surface of a material, an electron (e-) can be emitted out of the surface. Its 

kinetic energy Ek can be written as

EEhE Bk   (19)

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

electron and E represents the energy loss that the electron suffers during its escaping 

from the surface. The number of escaping electron with a particular kinetic energy can 

be measured by an electron analyzer. The spectrum is obtained as a plot of the number 

of detected e- per energy interval versus their Ek.

XPS utilizes monochromatic X-rays for electron excitation, typically Kα radiation of Al 

(1486.6 eV) or Mg (1253.6 eV). Energy of such radiation is high enough to release 

electrons from the inner shells of an atom. If the excited electron does not suffer any 

energy loss during escaping (E = 0 eV) and the work function  is known, the binding 

energy of the electron EB can be calculated according to (19). EB of the inner shell

electrons is unique for every element. Also the bonding state of the element can be 
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stated from small energy shifts (about 0.1–1 eV). The spectrum from a mixture of 

different elements is approximately the sum of the peaks of the individual constituents.

As already mentioned, it is important that the escaping electron does not suffer any loss 

of energy. This is valid only for electron escaping from a depth of up to 10 nm. XPS is 

thus a surface sensitive method and only the top few atomic layers can be characterized. 

The information from the bulk is lost and the measurement itself is often distorted due 

to surface contamination. Since electrons are emitted from the surface, surface charging 

of the measured sample occurs for non-conducting samples such as organic polymers. 

The charging causes line broadening and the measured binding energy scale is 

systematically shifted to higher values [116]. This variable sample potential must be 

corrected during evaluation of the measurement by calibration of the spectrum to a 

known value. In our laboratory, we typically use C 1s peak of aliphatic hydrocarbons at 

285.00 eV. More information on XPS can be found e.g. in [117,118].

The surface elemental composition of films was determined by Specs Phobios 100 

system equipped with a hemispherical energy analyzer using Al Kα X-ray source 

(1486.60 eV) at the incidence angle of 45˚ to the sample surface plane. For this purpose, 

samples were deposited on polished silicon substrates. Obtained spectra were charge 

referenced to adventitious aliphatic carbon at 285.00 eV. The deconvolution of the 

peaks was carried out using a 30:70 Gaussian-to-Lotentz curve fitting according to data 

from X-Ray Photoelectron Spectroscopy database of National Institute of Standards and 

Technology [119] and [117]. Pass energy of 40 eV for survey scans and 10 eV for high 

resolution (core level) scans was used for all measurements. No correction of the XPS 

data for surface roughness was done.

2.5.4 Other Techniques

Also techniques other than those available in our laboratory were utilized for the 

characterization of the prepared samples:

I. Rutherford Back-Scattering (RBS)

Rutherford back-scattering (RBS) is a method of a quantitative analysis of materials 

often chosen as a complement for the surface analysis by XPS technique. RBS allows 

characterization of bulk materials via measurement of depth profiles of elemental 

concentrations. The method is based on an analysis of energy spectra of charged 
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particles that are elastically scattered by atoms of the studied material. The elastic 

scattering of charged particles was theoretically described by E. Rutherford in 1911 

[120]. In RBS analysis, a material is bombarded by monoenergetic particles (typically

α-particles, 4
2 He2+) accelerated to energy of about 105–107 eV. Some of the particles are 

scattered by atoms of the studied material and analyzed by an energy spectrometer. 

Energy of the back-scattered α-particle is strongly dependent on the nature of the 

particular atom that scattered the α-particle. By measuring it, a quantitative composition 

of the sample can be estimated. Energy of the bombarding α-particles determines the 

depth of their penetration into the sample. By varying the energy, a depth profile of the 

elemental concentrations can be estimated. Complementary method to RBS is the 

method of Elastic Recoil Detection Analysis (ERDA). It allows detection of atoms of 

hydrogen and other light elements which is difficult by RBS due to low cross-section of 

elastic scattering. ERDA is based on registration and energy analysis of atoms ejected

from the analyzed material by impacting particles. It is thus an inverse process to that of 

typical RBS. Concentration of hydrogen and its depth profile in the sample can be 

estimated according to their energy distribution which cannot be performed by XPS. 

More about RBS method can be found e.g. in [44].

The elemental composition of TiOx/hydrocarbon plasma polymer films was determined 

by RBS and ERDA using He+ ions with energy 2.68 MeV and 2.30 MeV protons from a 

Van de Graaf accelerator. RBS spectra were evaluated by computer code GISA 3, 

whereas ERDA spectra were obtained using the SIMNRA code [121]. The 

characterization system is available at the Nuclear Physics Institute of AS CR in Rez.

II. X-ray Diffraction (XRD)

Crystal structure of a material can be studied by X-ray diffraction (XRD). When X-rays 

interact with a crystalline substance, a diffraction pattern is obtained. Every crystalline 

substance gives a pattern and the same substance always gives the same pattern. In the 

case of a mixture of substances, each produces its pattern independently of the others. 

The XRD pattern of a pure substance is, therefore, like a fingerprint of the substance. 

The powder diffraction method is thus ideal for characterization and identification of 

polycrystalline phases. The main use of powder diffraction is to identify components in 
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a sample by a search/match procedure. Furthermore, the areas under the peak are related 

to the amount of each phase present in the sample.

In XRD technique, X-ray beam transmits into the sample material and interacts with 

atoms. In the case of a crystal, the beam diffracts on a series of parallel planes inside the 

crystal. The effect can be mathematically expressed in Bragg’s law:

 nd  sin2 (20)

where d is the spacing between planes in the crystal lattice, θ is the angle of diffraction

measured from a fixed crystal plane, n is the integral order of diffraction and λ is the 

wavelength of the incident radiation. Thicker samples than in the case of TEM 

measurement are required since the strong X-ray radiation enters deeper into the 

material and the background signal from the substrate is relatively high. Crystal lattice 

parameters can be obtained with a higher accuracy than using SAD because diffraction 

angles for X-rays are higher than for electrons. More about XRD method can be found 

e.g. in [122].

Characterization of as-prepared and annealed titania nanofibers deposited on glass 

substrates was done on theta-theta goniometer Rint-Ultima III (Rigaku) at NIMS, Japan. 

The measurement was performed using Cu Kα radiation (1.54056 Å) at 40 kV and 

40 mA in Bragg-Brentano 2Theta/Theta scanning mode over 20–70° range. The XRD 

measurements on Ti nanoclusters and TiO2 films deposited on polished silicon 

substrates were performed on Panalytical X'Pert MRD diffractometer at the Department 

of Condensed Matter Physics of Faculty of Mathematics and Physics, Charles 

University in Prague. The diffractometer was in the parallel beam geometry with an X-

ray mirror. Cu Kα radiation was used at the angle of incidence 1°. Crystal structure of 

the samples was matched to the database files provided by ICDD [103].

III. Secondary Ion Mass Spectrometry (SIMS)

Secondary Ion Mass Spectrometry (SIMS) is a method of mass spectrometry of atomic 

or molecular ions that are emitted (sputtered) from a studied material during 

bombardment of its surface by energetic primary particles (ions or atoms). Emission of 

positive secondary ions was first observed by J. J. Thomson in 1910 [123]. Among the 

advantages of SIMS are very high sensitivity (several orders of magnitude higher than 

other methods of surface analysis), ability to detect all elements, ability of isotopic 
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analysis, large area resolution and ability of measurement of depth profiles of elemental 

concentration. Disadvantages are the destructivity of the method and problematic 

quantification of the data.

If Cs+ are used as the primary ions, the SIMS mass spectra contain ions MCs+, where M

is an element present in the studied material. These ions are created from Cs+ ions that 

are either back-scattered or sputtered from the material after their previous implantation 

by the primary beam and simultaneously sputtered neutral atoms M0. Analysis of MCs+

signal leads to a more accurate quantification of the data compared to a ‘standard’ SIMS 

analysis of monoatomic ions. More about SIMS can be found e.g. in [44].

Depth profiles of the chemical composition of Ti nanocluster films with thickness of 

about 1.5 μm deposited on polished silicon substrates were examined by quadrupole

SIMS Atomica 3000. The analysis was done with 12 keV Cs+ primary ion beam, which 

was raster scanned over 250x250 μm2 area at the angle of incidence 45°.

2.6 Characterization of Optical Properties

2.6.1 Ultraviolet-Visible Spectroscopy (UV–Vis)

Ultraviolet–visible spectroscopy (or spectrophotometry) (UV–Vis) refers to absorption 

spectroscopy in the ultraviolet and visible spectral regions. Organic compounds, 

especially those with a high degree of conjugation, absorb light in the UV or visible 

regions of the electromagnetic spectrum which makes the UV–vis spectroscopy useful 

for characterization of optical properties of these materials. Absorption of UV or visible 

light corresponds to the excitation of valence electrons. The most common transition for 

conjugated organic molecules is the electron transition from bonding orbital π to anti-

bonding orbital π*. The UV–vis spectra are generally very complex with broad spectral 

bands. This is given by the fact that electron transition π→π* is assisted also by change 

of vibrational and rotational states and their multiple spectral lines merge into a single 

spectral band. More about the method can be found e.g. in [124].

Optical properties of films deposited on quartz or glass substrates were studied by UV–

vis spectroscopy over wavelength range of 190–900 nm. Double beam 

spectrophotometers Hitachi U-3300 available in our laboratory or Hitachi U-2900 at 

disposal at NIMS, Japan were utilized for this purpose. UV–Vis transmittance and 

reflectance spectra of TiOPc films were measured using a spectrophotometer Perkin 
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Elmer Lambda 35 and integration sphere Labsphere RSA-PE-20 with USRS-99-010 

standard. The spectrophotometers utilize deuterium and tungsten sources of light of 

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

of scan to 300 nm/min. A dual beam spectrometer optimized for a precise measurement 

of optical properties of thin films, including multilayers, constructed at Institute of 

Physics, AS CR, Prague was utilized for characterization of composite films 

TiO2/TiOPc [125]. Values of optical energy band gaps (Eg) were estimated from the 

fitting of (αhν)2 vs. hν graphs for direct band gaps neglecting the reflectance of the 

samples [126]. UV–Vis spectra of films of different thicknesses were displayed after 

their correction to uniform 100 nm thickness for a better comparison. The calculation 

was done using Beer–Lambert law.

2.7 Characterization of Electrical Properties

2.7.1 Current-Voltage Characteristics (I–V)

Current-voltage (I–V) characteristics were measured to determine basic electrical 

parameters of the studied materials and thin films. The electrical properties of the 

prepared films were measured at room temperature in air in the dark between a 

positively polarized Al electrode and ITO (indium-tin oxide) electrode. Films were 

deposited on commercial ITO coated glass (8–12 Ω/�, Aldrich). The thickness of ITO 

film was stated to be 120–160 nm. Aluminum electrodes (100 nm thick) were deposited 

on top of the surface of the studied films either by thermal evaporation or electron beam 

deposition at a deposition rate of 2 Å/s to form a sandwich-like structure. Electrical 

measurements were mostly carried out on a system constructed in our laboratory 

consisting of Keithley 230 programmable voltage source and Keithley 617 

programmable electrometer. TiO2 nanofibers and their composite films with SAF dye 

were studied using Keithley 4200 Semiconductor Characterization System equipped 

with picoprobes (GGB Industries) available at NIMS, Japan.

2.7.2 Surface Photovoltage Measurement (SPV)

Surface photovoltage (SPV) method has been widely used for determination of 

diffusion length of minority charge carriers in inorganic semiconductors and lately was 

also applied on organic materials [127–130]. If the spectral absorption coefficient of a 
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semiconductor is known, then minority carrier diffusion length can in principle be 

extracted from a measurement of photovoltage versus wavelength. The method is non-

destructive and the studied samples can be prepared without good ohmic contacts.

SPV measurement involves monitoring the potential of a semiconductor surface while 

generating electron–hole pairs with a light source. A space charge region (SCR) is often 

formed at the surface of semiconducting materials [131]. Free excitons created in the 

bulk by illumination diffuse towards the SCR where they are separated by its electric 

field. The minority electrons enter the SCR while the majority holes remain in the bulk. 

This represents one contribution to the SPV, with the other comes from the carriers 

generated in the SCR. The total SPV is
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where n is the ideality factor, J0 is the saturated current, J is the photogenerated current, 

k is the Boltzmann constant, T is the temperature and e is the electron charge. The 

current J is a sum of the diffusion bulk current Jb and the drift current Jscr from the SCR.

SPV spectra were measured on an automatic apparatus constructed in our laboratory. 

The samples prepared on ITO coated glass were covered by a thin Mylar sheet and 

another glass with ITO was placed on top of it which formed a sandwich [132] Samples 

were illuminated from the side of the organic absorber (through the additional ITO and 

Mylar). Alternating voltage was generated in the studied organic layers by low-intensity 

monochromatic light chopped at a low frequency (11 Hz). The SPV spectra were taken 

at constant impinging photon flux density and subsequently corrected for the 

transparency of the glass covered with ITO and of the Mylar sheet. All measurements 

were carried out at room temperature.

2.8 Materials

Sputtering targets of polypropylene (PP, 78 mm in diameter, 5 mm thickness), titanium

(Ti, purity 99.3%, 78 mm in diameter, 1 mm thickness for TiO2 films deposition and 

51 mm, 0.7 mm in diameter for Ti nanocluster deposition) and titanium dioxide (TiO2, 

78 mm in diameter, 5 mm thickness) were used for magnetron sputtering.
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Two different working gases were used: reactive oxygen (O2, purity 99.99%) and inert 

argon (Ar, purity 99.99%). Both were purchased from Linde.

Four different organic semiconductors were studied: thiophene (Th), terthiophene (3T), 

titanyl phthalocyanine (TiOPc) and safranin O (SAF, 95%). They were purchased from 

Sigma-Aldrich and used as received. Their structural formulae are depicted in Fig. 2.6.

Fig. 2.6. Structural formulae of organic semiconducting materials; a) thiophene, b) terthiophene, c) titanyl 

phthalocyanine, d) safranin O.

Thiophene (Th, Fig. 2.6a) is a heterocyclic organic compound with the molecular 

formula C4H4S. It consists of a flat five-membered aromatic ring. At room temperature, 

Th is a colorless liquid with a mildly pleasant odor reminiscent of benzene, with which 

thiophene shares some similarities. The electron pairs on sulfur are significantly 

delocalized in the π-electron system.

Terthiophene (3T, Fig. 2.6b) is an organic compound with the molecular formula 

[C4H3S]2C4H2S (C12H8S3), IUPAC name 2,2':5',2"-terthiophene. It is an oligomer of the 

heterocycle thiophene. It is a pale yellow solid, insoluble in water.

Titanyl phthalocyanine (TiOPc, Fig. 2.6c) is an intensely blue-green (teal) colored 

macrocyclic compound that is widely used in dyeing. Its molecular formula is 

C32H16N8OTi. Generally, the structure of phthalocyanines is highly conjugated (Fig. 

1.14) with a polyaromatic ring (abbreviated Pc) that can be bound to a divalent 

transition metal (MPc) or to hydrogen (H2Pc). Its absorbance spectrum matches the 

solar spectrum and it is a good candidate for electron donor in organic solar cells.

Safranin O (SAF, Fig. 2.6d) is an organic compound with the molecular formula

C20H19N4Cl (3,7-diamino-2,8-dimethyl-5phenyl-phenazinium chloride). It belongs to 

the family of phenazine dyes, having a phenazinium nucleus in the molecular ring 

system of the pigments. SAF (also referred to as basic red 2) is a biological stain widely 

used in histology and cytology, e.g. [133]. This dye is water and ethanol soluble which 
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makes the preparation of thin films from a solution straightforward [134,135] even with 

various plasticizers [136].

Other chemicals, particularly titanium tetra-isopropoxide (TTIP, 97%) and 

polyvinylpyrrolidone (PVP, Mw ~ 1,300,000), were used to produce TiO2 nanofibers.

Both were purchased from Aldrich.

Fig. 2.7. Structural formula of a) titanium tetra-isopropoxide and b) poly(vinylpyrrolidone).

TTIP (Fig. 2.7a) is an alkoxide of titanium(IV) with the molecular formula C12H28O4Ti. 

It is a colorless liquid soluble in many organic solvents used in organic synthesis and 

materials science. It reacts with water to form TiO2.

PVP (Fig. 2.7b) is a polymer with molecular formula [C6H9NO]n. It is white to light 

yellow, hygroscopic, amorphous powder. PVP is soluble in water and other polar 

solvents. When dry it is a light flaky powder, which readily absorbs up to 40% of its 

weight in atmospheric water. In solution, it has excellent wetting properties and readily 

forms films. This makes it good as a coating or an additive to coatings.
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3 Results and Discussion

The section Results and Discussion collects experimental results obtained during a five-

year study of preparation of titania films and nanostructures and their incorporation into 

nanocomposite films with plasma polymers and other organic structures. Most of the 

presented work has already been published in impacted international journals listed at 

the end of the thesis. Due to the fact that the published studies are described in detail 

and often broad and the space for this thesis is limited, only the most interesting results 

are summarized here with some binding comments. Contrary to the published results, 

more discussion on the failures, problems, disadvantages and open issues are included. 

The first part of the presented results concerns characterization of various types of 

titania films and nanostructures, their deposition process and properties. The other three 

parts deal with various types of nanocomposite films of titania and an organic material, 

predominantly a plasma polymer. A short summary is added at the end of each part.

3.1 TiO2 Thin Films and Nanostructures

This part deals with various nanostructure types of titania films. Their deposition 

processes and properties are presented and compared. These structures are namely 

titania films prepared by magnetron sputtering, titania nanocluster films prepared by gas 

aggregation cluster source and titania nanofiber films prepared by electrospinning.

3.1.1 TiO2 Thin Films

Films of TiO2 were deposited by magnetron sputtering from a solid target as the first 

and the simplest case of titania structures. As can be seen from the description of the 

deposition apparatus and experimental conditions (part 2.1.2), the set of various 

combinations of studied parameters was very complex. In order to overcome possible 

confusing situation, only the two most important from our approaches to TiO2 film 

deposition will be discussed in detail – reactive DC sputtering in Ar+O2 working gas 

mixture either from TiO2 or Ti target.
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Reactive DC Sputtering from TiO2 Target

First, we approached a very simple sputtering from a ceramic TiO2 target in an argon 

atmosphere. Since the quality of the films was not satisfying, we modified the working 

gas into a reactive mixture of argon and oxygen. The resulting film properties were 

studied mainly in the dependence on the amount of oxygen in the working gas mixture.

The dependences of deposition rate and static contact angle of water (WCA) on the 

amount of oxygen in the working gas mixture are displayed in Fig. 3.1. As can be seen 

from the graph, a transition from a non-reactive to a reactive discharge, i.e. addition of 

O2, decreases the deposition rate. Even a small amount of 5% oxygen in the mixture 

causes a drop by 1.5 nm/min. Any further increase in the O2 content up to 42% does not 

have any influence and the deposition rate remains almost constant. The dependence of 

WCA on the working gas mixture is scattered and does not show any dependence. This 

might be caused by varying surface contamination among the samples. The values of 

WCA for TiO2 generally depend on many different parameters, like deposition type and 

particular conditions, crystal structure, nanoparticle type and size, UV illumination, etc., 

and vary in the range from 20° to over 90° [137]. These values can decrease even below 

10° (superhydrophilic) for specially designed and UV irradiated films [138].

Fig. 3.1. Dependence of the deposition rate and the static contact angle of water on the amount of oxygen 

in the working gas mixture during reactive sputtering from TiO2 target.

Film morphology was studied by AFM. No changes were observed in the films upon 

increasing the amount of oxygen in the mixture. A typical surface of a sputtered TiO2
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film is displayed in Fig. 3.2. RMS roughness of the films measured on 5x5 μm2 area 

was in the range 6–9 nm for all films. All films deposited by reactive DC sputtering 

from TiO2 target were very smooth with no nanostructures formed on the surface.

Fig. 3.2. Surface morphology of a TiO2 film deposited by magnetron sputtering from TiO2 target at 5% of 

oxygen in the working gas mixture.

The measurement of a crystal structure by XRD showed that all the films were 

amorphous on both silicon and glass substrates.

Chemical analysis of the TiO2 film surface was done using XPS. It revealed that the 

composition does not change with varying amount of oxygen in the working gas 

mixture. The elemental ratio O/Ti was about 3 for all the samples with surface 

concentration of titanium about 17%. Without possibility of any further chemical 

analysis at that time, we could only assume that the surfaces of all the sputtered TiO2

films fully oxidized to the chemically stable stoichiometric titanium dioxide after their 

extraction from deposition chamber to the ambient air. The rest of the oxygen probably 

originated in the oxidation of carbon contamination present on the surface (about 24%). 

This hydrocarbon contamination of the surface might originate both in the deposition 

process (often incorporation of various residual species from the oil diffusion pump) 

and/or be acquired from the air after the extraction of the samples from the deposition 

chamber to the ambient air and during transfer to XPS. The surface carbon 

contamination can reach 15% or even more [139]. Any differences in the films resulting 

from the deposition parameters could not be distinguished by the surface sensitive XPS 

method due to the post-deposition changes of the surface.
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During the work on nanocomposites TiOx/C:H prepared by a co-sputtering from two 

targets (PP and TiO2) in argon (see part 3.2.1), it was found out that the extremely

porous ceramic target absorbs various species present in plasma during the discharge. 

Apart from argon, these fragments were also various species of the sputtered 

polypropylene. They were subsequently released from the target after its heating in the 

next experiment and contaminated the growing films. This lead to uncontrollable 

deposition processes and thus we decided to leave this experimental configuration and 

change over to deposition of TiO2 films by a reactive magnetron sputtering from a 

metallic Ti target.

Reactive DC Sputtering from Ti Target

Due to the facts described above, we decided to study the deposition of TiO2 films by a 

reactive magnetron sputtering from a metallic Ti target in a gas mixture of argon and 

oxygen. Same as in the case of TiO2 target, the deposition process and the resulting 

films were characterized in the dependence on the amount of oxygen in the working gas 

mixture.

The dependences of the deposition rate and the WCA on the amount of oxygen are

displayed in Fig. 3.3. The deposition rate was about 1.3 nm/min for 10% of O2 and 

slightly decreased with increasing amount of oxygen. It was only about one half of the 

deposition rate from TiO2 target. However, these values are not comparable due to 

different type of magnetron used for sputtering (see experimental details in section 

2.1.2). More interesting is the WCA dependence. A steep decrease in the WCA with 

increasing amount of O2 reflects a dramatic change in the wettability of the films. The 

films change from hydrophobic (at 10% of O2) to hydrophilic (from 30% O2). This 

decrease can be caused either by a change in the chemical composition of the film 

surface, i.e. the stoichiometry of TiOx, or by a change of the surface roughness. The 

RMS roughness of the films measured by AFM on 5x5 μm2 microscans was in the 

range of 2–4 nm and was independent on the deposition conditions (Fig. 3.4). We could 

thus suppose that the variations in the wettability were caused by the differences in the 

chemical composition of the films, i.e. strongly substoichiometric films are almost 

hydrophobic, while TiO2 is hydrophilic. What more, if titania is in the anatase structure, 

it reveals superhydrophilic (WCA almost 0°) properties after illumination by UV light 
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[138]. The films prepared with 30–50% of O2 content in the working gas mixture were 

close to stoichiometric TiO2.

Fig. 3.3. Dependence of the deposition rate and the static contact angle of water on the amount of oxygen 

in the working gas mixture during reactive sputtering from Ti target.

Fig. 3.4. A typical AFM microscan of a TiOx film deposited by reactive sputtering from Ti target. Here 

particularly, the flow rates ratio Ar/O2 was 16/4 sccm.

The elemental composition of the films obtained by XPS however could not prove this. 

The measurement resulted in a very similar way to the reactive sputtering from TiO2

target discussed previously. The surfaces of the films contained a considerable

hydrocarbon contamination (25–35%; C/Ti ≈ 1.5–2.2) without any obvious relation to 

the deposition conditions. The O/Ti ratio was almost the same in all the samples (O/Ti ≈ 
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3.0–3.1). The Ti 2p high resolution spectra were identical for all the films. The situation 

was probably the same as in the case of sputtering from TiO2 target. The surface of the 

films is composed of a stoichiometric TiO2 with a certain amount of oxidized 

hydrocarbon contamination and this composition is independent on the deposition 

conditions. The situation thus had not improved much in comparison with the sputtering 

from the ceramic target. The problems were due to the high reactivity of titanium which 

readily forms oxides. Even if substoichiometric oxides (TiOx) are formed during the 

film deposition, the oxidation of the surface of the films continues in the ambient 

atmosphere until a stable stoichiometric TiO2 structure is formed. However, this 

speculation could not be proven at that time.

The investigation of crystal structure of the films was approached by TEM. Samples 

were studied in bright and dark fields and by electron diffraction. Images of the dark 

fields of films are displayed in Fig. 3.5. These particular films were prepared at 20% 

and 30% of oxygen in the working gas mixture, i.e. the values at which a sudden change 

in the WCA values occurs (see Fig. 3.3). It can be seen that the film prepared at 20% of 

O2 is almost fully amorphous, while crystal phases are obvious in the film prepared at 

30%. Their amount increased with increasing oxygen content in the discharge which 

suggests more favorable conditions for formation of stoichiometric TiO2 directly during 

the film deposition. The degree of the samples crystallinity as measured by XRD was 

low which corresponds to the TEM micrographs. Nevertheless, the anatase crystalline 

phase could be detected in the diffraction patterns (not shown here).

Fig. 3.5. TEM micrographs of the dark fields of TiO2 films deposited by reactive magnetron sputtering 

from Ti target with a) 20% and b) 30% of oxygen in the working gas mixture.
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Summary

The following conclusions could be drawn from the different deposition types:

1. DC preferred over RF – technological advantage – RF discharges and processes 

are more complicated and less stable, no matching unit required to adjust the 

discharge.

2. Reactive sputtering preferred over non-reactive – addition of O2 into the 

working gas mixture in any kind of deposition helped to improve the O/Ti ratio

and increased it close to the stoichiometric. Nevertheless, oxygen was not used 

in the preparation of TiOx/C:H composite films by sputtering from TiO2 and PP 

targets (section 3.2.1) in order to avoid ablation of the organic part and to 

simplify the deposition process from the point of its characterization.

3. Metallic Ti target preferred over ceramic TiO2 – Ti target helped to ‘clean up’

the sputtering process – less contamination was adsorbed and/or absorbed by the 

metallic target and consequently released due to heating during sputtering than 

from the porous ceramic TiO2 target.

All the films prepared by magnetron sputtering are extremely smooth with RMS 

roughness below 10 nm (on 5x5 μm2 microscans) and with no nanostructures formed on 

the surface. The surface of the films is composed of a stoichiometric TiO2 regardless of

the deposition conditions and contains considerable hydrocarbon contamination. The 

deposition process ends up in amorphous phase of the TiO2 films with a small amount 

of anatase nanocrystals formed in dependence on the oxygen content in the working gas 

mixture. DC reactive sputtering from Ti target in Ar+O2 mixture with 30% of oxygen 

represents a reasonable compromise between the deposition technique (simplicity, 

stability, deposition rate, purity) and the resulting film properties. The advantage of 

magnetron sputtering is a relatively high homogeneity of the deposited films and a large 

size of deposits.

3.1.2 Oxidized Titanium Nanoclusters

Formation of metal nanoclusters by gas aggregation cluster source following the 

Haberland concept [51] is a novel method of preparation of nanoparticles recently 
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approached in our laboratory. For this reason, a new cluster source based on a planar 

magnetron was designed and constructed in our laboratory (see section 2.1.5). 

Nanoclusters of several metals (Ag and Cu) were already prepared in this way. 

Titanium nanoclusters are particularly relevant for this study and their characteristics 

will be described further. Characterization of the deposition by gas aggregation cluster 

source was performed in the first step. Especially the influence of magnetron current 

and the pressure (Ar flow rate) inside the cluster source chamber were tested and their 

influence on the cluster formation and characteristics was studied. Special attention was 

paid to the description of oxidation of the nanoclusters and other changes in the films 

connected with ageing. The results of the study were submitted for publishing in two 

refereed journal papers [140,141] and two other papers are being prepared for 

publication. The most important parts are summarized here.

Deposition of Ti Nanoclusters

The first step in the characterization of the used gas aggregation cluster source was 

determination of the pressure of the working gas in the cluster source (modified by 

adjustment of Ar flow rate) and magnetron current ranges leading to an effective 

production of Ti clusters. Deposition rate measured at constant magnetron current 0.2 A 

and different pressures is displayed in Fig. 3.6a. An increase in the pressure from 25 Pa

(Ar flow rate 2.7 sccm) to 240 Pa (flow rate 38.8 sccm) leads to an increase of the 

deposition rate by six times. It can be explained by more effective thermalization of 

metal atoms at higher pressures (higher nucleation probability) and thus easier 

formation of clusters. Nevertheless, it has to be noted that in our current set-up, the 

different pressures in the cluster source chamber are obtained by varying the input flow 

rate of argon. This affects also the residence time of both the carrier gas and the clusters 

in the aggregation zone. It can be seen in Fig. 3.6b that an increased magnetron current 

under a constant pressure causes an increase in the deposition rate. This relation 

originates in an increase in the emission of Ti atoms from the target (higher sputter 

yield) and thus as a result, a higher amount of free metal atoms in the working gas able 

to participate on the cluster production.
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Fig. 3.6. Deposition rate in dependence on a) cluster source pressure (argon flow rate) under constant 

current 0.2 A and on b) magnetron current under constant cluster source pressure 100 Pa.

From preliminary experiments already done, we suspect oxygen to strongly affect the 

growth mechanism and in result also the deposition rate of titanium nanocluster. 

Oxygen and its activated species act as condensation nuclei due to the high 

electronegativity. A strong influence of cluster growth on the amount of oxygen and 

other residual gases in a mixture with argon in the cluster source chamber was recently 

reported by Marek et al. in the case of copper clusters [60]. We expect the influence to 

be even more pronounced in the case of titanium which is more reactive. However, this 

question requires further research which is currently being done.

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. Most of the material is deposited in the centre producing substantial 

inhomogeneity in the films thickness which might cause problems in applications.

Characterization of Submonolayers of Ti Nanoclusters by TEM

Submonolayers of titanium nanocluster deposited under various operational conditions 

were examined by TEM in order to measure their size and distribution. Typical 

micrographs of the films deposited at 0.2 A in dependence on the pressure of the 

working gas in the cluster source chamber (Ar flow rate) and the corresponding 

distribution of cluster diameters are depicted in Fig. 3.7.
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Fig. 3.7. TEM micrographs (magnification 100,000x) of titanium nanocluster films prepared at 0.2 A as a 

function of the cluster source chamber pressure (argon inlet flow rate). Bright field is displayed together 

with corresponding dark field as an inset (left) and distributions of diameters (right). μ – median of the 

cluster diameter distribution, σ - standard deviation, modeF – maximal value of the log-normal fit of the 

distribution. Deposition time was adjusted in each case according to the deposition rate to obtain optimal 

surface coverage for TEM characterization.
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From these figures, we can conclude that the pressure in the cluster source chamber (Ar 

flow rate) affects both cluster diameter and its distribution. Most of the clusters 

deposited at the lowest pressure of 50 Pa (flow rate 5.6 sccm) are about 10 nm in 

diameter with a relatively narrow distribution. However, there is also a small group of 

much bigger clusters or cluster aggregates present (a part of such cluster can be spotted 

in the lower left corner of the micrograph) with a diameter about 50 nm. Upon 

increasing the operational pressure to 100 Pa (flow rate 13.7 sccm), the cluster diameter 

and its distribution increase substantially. Most clusters are 20 nm in diameter, while 

diameters distribution ranges from 5 nm up to 70 nm. The shape of the clusters differs 

from those prepared at 50 Pa. An increase in the pressure to 150 Pa (flow rate 

22.7 sccm) and further to 200 Pa (flow rate 31.6 sccm) causes a progressive decrease in 

the diameter to about 14 nm. Images of the dark field suggest that the smaller of the 

formed nanoclusters are monocrystallic blocks, while the bigger clusters (prepared 

especially at 100 Pa) are polycrystallic objects, composed of crystallites of various sizes 

and orientations.

TEM characterizations of the samples were performed a few hours after the deposition, 

after one week and 7 months after the deposition. No time evolution of the particular 

samples was observed both in the bright and the dark fields. The nanocluster diameters 

obtained from the statistical processing of the micrographs remained constant or 

differed only by 1 nm at the most. The difference is less than the error in determination 

of the nanocluster diameter, which was estimated to be about 2 nm. No signs of 

migration and/or aggregation of clusters on the substrate surface were observed.

The dependence of the cluster size on the magnetron current under a constant pressure 

of working gas in the cluster source chamber (100 Pa) is depicted in Fig. 3.8 together 

with corresponding cluster diameter distribution. The largest titanium clusters with the 

widest distribution are prepared at the lowest current (0.1 A). Modal diameter was 

estimated to be 30 nm and standard deviation 13 nm. Structure of these clusters is 

obviously different from those prepared at a higher current or even those prepared at 

different pressures. A closer look at the micrographs indicates that the big cluster are 

aggregates (polycrystals) (up to 80 nm in diameter) composed of smaller particles with 

diameters of about 8–10 nm. These smaller particles are in turn composed of titanium 

crystallites as can be observed in the images of the dark field.
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Fig. 3.8. TEM micrographs (magnification 100,000x) of titanium nanocluster films prepared at 100 Pa as 

a function of the magnetron current. Bright field is displayed together with corresponding dark field as an 

inset (left) and distributions of diameters (right). μ – median of the cluster diameter distribution, σ -

standard deviation, modeF – maximal value of the log-normal fit of the distribution. Deposition time was 

adjusted in each case according to the deposition rate to obtain optimal surface coverage for TEM 

characterization.
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An increase in the magnetron current to 0.2 A leads to a formation of smaller clusters 

with lower standard deviation of the diameter values. The modal diameter of the 

nanocluster was estimated to be about 20 nm. However, bigger cluster are aggregates 

similar to those prepared at 0.1 A. Further increase of the magnetron current lowers the 

average cluster diameter and narrows its distribution. As can be seen in Fig. 3.8, the 

smallest clusters were produced at 0.5 A with diameters of about 11 nm.

Micrographs of the deposited films were taken a few hours after the deposition, after 

one week and 7 months after the deposition. Similar to the case of the pressure 

dependence, no time evolution of the particular samples was observed. The nanocluster 

diameters remained constant or differed only by 1 nm at the most.

Diameters of the deposited titanium nanoclusters as functions of the pressure in the 

cluster source chamber and the magnetron current are summarized in Fig. 3.9. The 

explanation for some parts of the dependences is not entirely clear. An extensive 

discussion on this topic was published in [140].

Fig. 3.9. Diameter of the deposited titanium nanoclusters and standard deviation of the diameter 

distribution as a function of the pressure in the cluster source chamber (argon inlet flow rate) (a) and 

magnetron current (b).

Crystal Structure of Ti Nanoclusters

The crystal structure of Ti nanoclusters was determined by SAD method at first. The 

obtained diffractograms did not change among samples prepared under different 

conditions nor developed in time. A typical diffraction pattern of Ti nanoclusters 

prepared at 0.2 A and 150 Pa measured 7 days after the deposition is displayed in Fig. 
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3.10. All the studied diffractograms correspond to metallic titanium in hexagonal crystal 

structure. No evidence of titanium dioxide was observed. However, its presence cannot 

be ruled out. The volume fraction of titanium dioxide might be too small to register its 

pattern. The position of diffraction rings of TiO2 is another complication. The most 

intense rings are close to the centre of diffraction, where the diffraction of inelastic 

electrons is very high. The pattern might be lost in the bright background.

Fig. 3.10. Electron diffraction pattern of Ti nanoclusters prepared at 0.2 A and 150 Pa measured 7 days 

after the deposition. Corresponding Miller indices are listed.

Therefore, the characterization was also performed by XRD. The obtained 

diffractogram of Ti nanoclusters prepared at 0.5 A and 100 Pa measured after different 

time elapsed from the deposition is displayed in Fig. 3.11. From the comparison to 

metallic titanium and the two crystal forms of titania (anatase and rutile), we can 

conclude that the as-prepared nanoclusters are metallic titanium nanoparticles in 

hexagonal crystal structure which corresponds to the SAD analysis. The metallic 

titanium nanoclusters spontaneously start to oxidize in air and slow transform into a 

crystal titania. The full transformation from Ti into TiO2 is accelerated and completed 

after the annealing process. The final structure is a mixture of both anatase and rutile 

crystal forms.
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Fig. 3.11. Diffractograms of titanium nanoclusters prepared at 0.5 A and 100 Pa measured after different 

time elapsed from the deposition. The measured diffractograms are compared to diffractograms of metalic 

titanium (T), anatase (A) and rutile (R) crystals.

Characterization of Ti Nanocluster Films by SEM

SEM was utilized to visualize surface topography of films thicker than submonolayers 

which are required for transmission microscopy. Another advantage of the SEM

technique was the possibility to analyze nanoclusters that passed the annealing process

due to the deposition on silicon substrates. However, utilizing these two options was at 

the cost of lowered resolution due to the surface charging of the thicker films. SEM 

micrographs of titania nanocluster films deposited at pressure 100 Pa and at magnetron 

currents 0.1 A and 0.5 A are depicted in Fig. 3.12. Difference in the films prepared at 

various currents is obvious. Size of clusters corresponds to the measurements performed 

by TEM – lower current produces bigger clusters. The films do not evolve in time as 

was observed after 3 days or 40 days after the deposition (not shown here).
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Fig. 3.12. SEM micrographs of central part of the deposited titanium nanocluster films prepared at 100 Pa 

and 0.1 A (left) or 0.5 A (right). Micrographs taken one hour after the preparation (top) are compared 

with micrographs of the same films taken after a heat treatment (bottom). The scale size is 200 nm.

Time evolution of size of the titanium clusters was studied from the microscans. The 

obtained values of diameters of clusters are summarized in Table I. These values are 

slightly higher than those obtained from TEM characterization which might be 

attributed to the lower resolution of SEM. The values obtained from TEM micrographs 

can be considered as more accurate. The measured diameters did not change 

substantially when processed from the micrographs taken few hours, 3 days or 40 days 

after the deposition which is corresponds to the TEM characterization. From the 

microscans, we can see that structure of the films is highly disordered, with a lot of free 

space in between the deposited crystals. TiO2 nanocluster films are deposited in a way 

where a second layers grows on the top of the first layer before the first layer is 

completed. This suggests a very high specific surface area of the nanocluster films 

which is important for utilization of such films in applications as discussed previously.
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Table I. Changes in diameter of the as-deposited and annealed titanium nanoclusters 
prepared at 100 Pa and different magnetron currents

Sample
0.1 A 0.5 A

Diameter [nm] σ [nm] Diameter [nm] σ [nm]

as-prepared 38 10 14 3

annealed 41 9 16 4

Titanium nanocluster films deposited at 100 Pa and 0.5 A were studied by AFM to 

determine their surface profile and morphology. A series of scans was performed on 

different samples 1 day and 8 days after the deposition and 1 day after annealing. All 

the films are very rough which supports the observation from SEM about a very high 

surface area. Concretely, the RMS roughness was measured to be 72 nm on the first day 

after the deposition and 71 nm after 8 days from deposition. The roughness measured on 

the annealed film was 60 nm. The roughness measured on the annealed film was lower 

than the roughness of as-prepared and aged films, which corresponds to the observation 

from SEM.

Chemical Composition of Titanium Nanocluster Films

Characterization of the chemical composition of the titanium film surface was done 

using XPS. Elemental composition of the nanocluster films prepared at pressure 100 Pa 

and magnetron current 0.1 A or 0.5 A is summarized in Table II. The data was obtained 

right after the film deposition after their transport through air.

Table II. The elemental composition ratios of titanium nanocluster films prepared at 
100 Pa as measured by XPS

Magnetron Current [A] O/Ti C/Ti

0.1 2.2 1.6

0.5 2.5 0.7

The content of carbon varies a lot between the two samples. The carbon contamination 

might originate either from the atmosphere (acquired during the transfer of the samples) 

or it might be acquired during the deposition process as the residual gas from the 

diffusion pump. In order to resolve this, further research in the chemical properties of 

titanium nanoclusters is currently under investigation. Finally, almost one half of the 

film surface (particularly 46% for clusters prepared at 0.1 A and 59% for those prepared 
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at 0.5 A) is composed of oxygen bonded to both the titanium nanoclusters (we again 

assume stoichiometric TiO2 at the surface similar to sputtered films in section 3.1.1) and 

the carbon contaminants. This can be seen in the high resolution spectra of the 

respective elements in Fig. 3.13.

Fig. 3.13. High resolution XPS of titanium nanocluster films measured immediately after deposition after 

transport through air. Films were prepared at 100 Pa and 0.1 A (left) or 0.5 A (right). Spectra of C 1s 

(top), O 1s (middle) and Ti 2p (bottom) with corresponding fits are displayed.
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Titanium is very reactive and readily forms oxides and carbides. From the high 

resolution spectra of C 1s, we can see that the carbon contamination is partly chemically 

bonded to titanium clusters (C–Ti bond at about 282.1 eV). Most of carbon forms C–C 

(285.0 eV) backbone chains which are also partly oxidized (C–O at about 286.6 eV or 

C=O at about 288.9 eV). However, most of oxygen is primarily bonded to titanium (Fig. 

3.13 O 1s) forming titanium dioxide (TiO2, 530.5 eV) and partly monoxide (TiO) and 

other substoichiometric oxides which are together denoted as TiOx, where 1≤x<2 (wide 

peak at about 533 eV). The analysis of the Ti 2p spectrum suggests that (at least) 

clusters on the film surface are formed of a metallic core (Ti, 454.6 eV) encapsulated by 

a shell of titanium oxide (substioichiometric TiOx at 457.0 eV and titanium dioxide 

TiO2 at 458.8 eV). The fraction of metallic titanium depends on the preparation current, 

i.e. the size of the cluster. For the bigger clusters prepared at 0.1 A, about 15% of 

titanium is in metallic state, while it is only about 6% for the smaller clusters prepared 

at 0.5 A. This corresponds to the idea that the titanium cluster (independently of its size) 

is oxidized into the same depth from the cluster surface. Some portion of titanium is 

bonded to carbon (peak Ti–C, 455.6 eV), which was discussed above in the case of C 1s.

Ageing of the Ti nanocluster film surface was characterized by XPS after various time 

elapsed since the deposition. Nanoclusters prepared at 0.5 A and 100 Pa were studied. 

Elemental composition, particularly the ratio between carbon and titanium (C/Ti) and 

oxygen and titanium (O/Ti) content, is summarized in Table III. The data was obtained 

for the as-prepared and annealed films right after the film deposition after transport 

through air and after 5 days. It can be seen that the amount of carbon contamination of 

the film surface is relatively high even after treatment at high temperature. The 

contamination might originate both in the deposition process (hydrocarbons from the 

pumping system) and in the adsorption of various species from air. Oxygen is the most 

abundant element in the film. It is bonded to both the Ti nanoclusters and the 

hydrocarbon contaminants.

Table III. Elemental composition of titanium nanocluster films as measured by XPS

Film, days after deposition C/Ti O/Ti

As-prepared, 0 0.7 2.5

As-prepared, 5 1.1 2.9

Annealed, 0 0.5 2.6
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Ageing was studied on as-prepared nanocluster film 5 days after the deposition and also 

on annealed film immediately after the high temperature treatment. The results obtained 

after deconvolution of high resolution XPS of respective elements are summarized in

Fig. 3.14.

Fig. 3.14. Elemental composition and high resolution XPS of Ti nanocluster films; as-prepared (left), as-

prepared 5 days old (middle) and annealed (right) film. Spectra of C 1s (top), O 1s (middle) and Ti 2p 

(bottom) with corresponding fits are displayed.

From the deconvolution of C 1s peak it can be seen that the amount of hydrocarbon 

contamination directly chemically bonded to Ti decreases with time and is only very 

limited after annealing. On the other hand, oxidation of the remaining contamination 

increases. This can be observed also on the deconvolution of O 1s peak. The increased 

oxidation of Ti is dominant, especially after annealing. This is consistent with the 

deconvolution of Ti 2p peak. Fraction of oxidized Ti slowly increases after 5 days and 

is over 90% after the heat treatment. The fraction of metallic Ti core of the cluster 

decreases with time after the deposition together with the chemically bonded 
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hydrocarbon contamination and substoichiometric titanium oxides. The mentioned 

processes are more pronounced at the elevated temperature of 420°C which is reported 

as the temperature of transition from amorphous TiO2 to one of its crystal forms, 

anatase [142].

A typical depth profile of the chemical composition of Ti nanocluster films analyzed by 

SIMS 1 day after the deposition is depicted in Fig. 3.15 left. The depth in the film is 

represented by the sputtering time. Except for carbon, molecular MCs+ ions were used 

for the depth profiling of the atomic species. Similar data was collected also for films 8 

days and 17 days after the films preparation and 1 day after the heat treatment (not 

shown here). The thickness of the films was about 1.45 μm. The data confirms and 

corresponds to the XPS analysis of the film surface. The oxidation of titanium 

nanoclusters increases with time and after annealing. This process occurs not only on 

the surface of the films but throughout whole thickness of the films due to their high 

porosity. The average ratio between the amounts of oxygen in the samples could be 

estimated from the comparison of CsO+/CsTi+ ratios (Fig. 3.15 right). The amount of 

oxygen in the film increases by factor 2.4 after 8 days from preparation, by 3.1 after 17 

days and by 3.4 for the annealed film. Similarly, carbon is present in the whole 

thickness of the as-prepared films which indicates that the hydrocarbon contamination 

originates in the deposition process. The sharp drop of the signal at the beginning of the 

measurement is due to surface contamination. The extent of the carbon content in the 

films increases with time elapsed after the preparation. On the other hand, it drops 

substantially after the annealing process.

Fig. 3.15. SIMS depth profile of chemical composition of Ti nanocluster film measured 1 day after 

deposition (left); elemental ratio of the film composition as measured at different time after deposition 

and compared to the annealed film (right). The vertical line (left) corresponds to the depth of ~1.45 μm.
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Optical Properties of Titanium Nanocluster Films

The UV–vis transmittance spectra measured on both as-prepared and annealed titanium 

nanocluster films are presented in Fig. 3.16 together with subtracted spectra of quartz 

substrates for comparison. The spectra were collected the same day after the preparation 

and after one week.

Fig. 3.16. UV–Vis spectra of Ti nanocluster films after substrate subtraction. Thickness of the films was 

about 100 nm.

The transmittance spectra of nanoclusters differ one from each other and indicate 

changes in the films. The spectrum of the as-prepared film measured directly after the 

deposition resemble metallic titanium where free electrons cause pronounced absorption 

in the whole visible range up to the infrared region. However, for nanoparticles with 

dimensions less than the wavelength, absorption in the infrared spectrum is absent [143]. 

The steep absorption observable in the UV part of the spectrum corresponds to the 

optical energy band gap Eg of about 2.4 eV. After one week from the preparation, the 

absorption of the sample in the visible spectral range decreases, while it increases in the 

UV region. This is connected with oxidation of the titanium nanoclusters and gradual 

lost of free electrons. The value of Eg increases to 2.7 eV. The annealed titanium 

nanocluster film is almost fully transparent in the visible region which implies that the 

nanoparticles contain no free electrons. This suggests that the metallic titanium 

nanoclusters completely transformed to titania. This is in agreement with the XPS and 

SIMS analyses which show that the deposited nanoparticles were almost fully oxidized. 
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No further changes in the UV–vis spectrum of the annealed film was observed after one 

week (not shown here). The estimated value of Eg for the annealed films was about 

3.4 eV which is in the range of the values (3.4 eV to 3.2 eV) stated for anatase TiO2

nanoparticles depending on their size, while 3.2 eV is the value for a bulk anatase [144].

Summary

Gas aggregation cluster source is an effective device for production of titanium 

nanoparticles. The overall system is very compact, relatively simple and easy-to-use. 

Titanium nanoclusters can be prepared at a low cost without a necessity to use an UHV 

system. Their deposition rate, size and morphology can be controlled by adjusting 

current delivered to the magnetron and/or gas pressure inside the cluster source chamber

and flow rate of Ar gas. Nanocluster diameter decreases from 30 nm to 11 nm upon 

increasing magnetron current from 0.1 A to 0.5 A as determined from TEM 

micrographs of the deposited submonolayers of Ti clusters. Pressure in the cluster 

source chamber (argon flow rate) affects the cluster size in a more complex way. 

Increase in the pressure from 50 Pa (Ar flow rate 5.6 sccm) to 100 Pa (Ar flow rate 

13.7 sccm) doubles the particle size from 10 nm to 20 nm. Further increase in the 

pressure to 150 Pa (Ar flow rate 22.7 sccm) and 200 Pa (Ar flow rate 31.6 sccm) causes 

a decrease in the particle size to about 14 nm. The SAD analysis suggested that the as-

prepared Ti nanoclusters are formed mostly of metallic titanium in hexagonal crystal 

structure. This was confirmed by XRD which showed that the cluster spontaneously 

oxidize in air and transform to TiO2. The process is accelerated by annealing process at 

420°C and transformation into a mixture of anatase and rutile crystals occurs. Generally, 

all the titanium nanocluster films are very rough with a high surface area. The RMS 

roughness was several tens of nm in average as measured on 5x5 μm2 microscans. High 

roughness and surface area are important for utilization of titania films in photovoltaic 

and photocatalytic applications. Observation of the annealed films by SEM showed that 

the average cluster size decreases after the heat treatment, which is accompanied by 

smoothing of the films as witnessed by AFM. The electron diffraction and the chemical 

analysis of the film surfaces by XPS suggest that the clusters are most probably 

composed of a metallic Ti core encapsulated by a shell of titanium oxides (TiOx) which 

might be partly contaminated by carbon compounds. The as-prepared metallic titanium 

nanoclusters start to oxidize immediately after their extraction from vacuum chamber 
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and exposure to the ambient air. The fraction of the shell increases with time. Annealing 

at 420°C promotes further oxidation of clusters and their transformation to TiO2. The 

deposited films were contaminated by hydrocarbons originating probably mostly in the 

preparation procedure. The extent of contamination decreased substantially after 

annealing of the nanoclusters. The optical analysis of the nanocluster films showed that 

as the titanium nanoparticles oxidize in air, they lose free electrons. The films become 

almost transparent in the visible range of the spectrum once the transformation to titania 

is completed after annealing.

3.1.3 TiO2 Nanofibers

The study of titania nanofibers was accomplished during International Joint Graduate 

School Program 2008 in the laboratories of NIMS, Japan. It was an interesting 

possibility to compare different type of titania nanostructures and the chemical way of 

preparation of titania nanostructures. The properties of electrospun titania nanofibers 

were published as a part of journal paper [145]. The most important knowledge on the 

electrospinning process and properties of the resulting nanofiber films will be discussed 

here.

Influence of Relative Humidity on Electrospinning of Titania Nanofibers

Many different experimental conditions affect the ES process and properties (especially 

the diameter) of TiO2 nanofibers. Influence of these parameters was previously 

complexly described by Xia et al. [74]. We picked up the results and the most favorable 

combination of parameters was used in this study to prepare fine TiO2 nanofibers. For 

the particular experimental details, see section 2.2.1. However, during the experiments 

with electrospinning of nanofibers, it was observed that the thickness of nanofibers and 

the overall quality of nanofiber thin films and non-woven mats are influenced by the 

value of relative humidity of air (RH) during ES. The increase in the humidity is 

supposed to be the main reason of the occurrence of beads and solution drops in and/or 

on the nanofiber thin films which is connected with the stability of the electrospinning 

process. Further, TTIP is very humidity-sensitive and the solution had to be prepared at 

a constant low level of RH (~10%) in order to prevent premature hydrolysis and 
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formation of TiO2 nanoparticles. A critical value of RH to prepare good quality TiO2

nanofiber films was estimated to be around 30%. Below this RH value, films started to 

be satisfactorily homogeneous. Similarly, TiO2 nanofiber diameter is affected by the RH 

value during electrospinning which was observed on SEM microscans of the fibers.

Based on these results, RH was held at values below 25% during electrospinning of all 

TiO2 nanofiber films discussed further and fresh precursor solution was prepared for 

each electrospinning series of samples.

Morphology of TiO2 Nanofiber Films

Deposition rates of the prepared thin films and nanofiber non-woven mats were 

estimated from the thickness measurements by a stylus profiler. However, due to the

mechanical properties of titania nanofibers and non-woven mats, the error in the 

measurement was rather high and was estimated to be around 15%. The brittleness is 

more pronounced in the case of pure ceramic titania fibers after annealing process 

which lack the viscoelastic polymer additive (Fig. 3.17) [146].

Fig. 3.17. Cracks formed in the prepared TiO2 nanofiber films. 10 μm thick film before (left) and after 

annealing (center). A detail of cracked nanofibers (right).

The mechanical properties of the ceramic nanofibers were poor. Adhesion of all the 

films to any kind of substrate was very low. Films thicker than about 2 μm tended to 

shrink and peel off the substrate during drying even at room temperature. The polymeric

content of the nanofibers decomposes during annealing which causes a high tension in 

the nanofibers and consequently cracking of the film. As a consequence, application of 

picoprobes for electrical measurements was problematic (Fig. 3.18).
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Fig. 3.18. Scratches created on top of Al contact deposited on the TiO2 nanofiber film by a picoprobe 

after contacting the film during electrical measurements.

The deposition rates were estimated to be in the order of 100 nm per minute for an 

aluminum collector of 50x50 mm2 size used. The thickness of the nanofiber films after 

the annealing decreased down to about 40–50% of the original thickness of the as-

prepared film. This is connected with the decrease in the fiber diameter due to 

evaporation of remnants of the solvent and the polymer content at high temperature. 

The diameters of the as-prepared and annealed fibers are compared in Fig. 3.19.

Fig. 3.19. SEM micrographs of the as-prepared (left) and annealed (right) TiO2 nanofibers.



87

The average minimum diameter of the as-prepared fibers was estimated to ~90–110 nm 

for the nanofibers prepared at RH of 25% (Fig. 3.19). This diameter decreased down to 

~40–60 nm after annealing. Thus, we can estimate there are maximum 5–10 nanofibers 

stacked on top of each other per micron film thickness which points to a very low 

density of the titania non-woven mats. Lengths of individual nanofibers were difficult to 

measure since the electrospun fibers form many loops and often change directions. 

However, it could be estimated that the fibers can stretch up to several centimeters. The 

measurements performed by SEM correspond to the analysis by AFM (not shown here).

Crystal Structure of Titania Nanofibers

XRD was used in order to confirm the crystal structure of the prepared titania 

nanofibers and identify any changes in the structure after the heat treatment of the fibers. 

From the obtained results, it can be concluded that the as-prepared nanofibers are 

completely or mostly amorphous (Fig. 3.20). However, the fibers start to crystallize in 

anatase crystal structure after being heated up to 420°C and losing the organic content. 

It was previously reported that the thermal decomposition of pure PVP [147] and also 

PVP in TiO2/PVP gel [148] occurs at temperature of about 415°C. However, a TGA 

analysis would be necessary to confirm that the annealing process was successful and 

the polymer content was completely decomposed and removed from the nanofibers. The 

main anatase diffraction peak (101) can be clearly identified at 25.3° [149]. There are 

weak indications of the other two most intensive anatase peaks of (004) and (200) 

orientations located at 37.8° and 48.1°, respectively, however, these are not fully 

developed probably due to lower thicknesses of the studied titania fiber non-woven 

mats. The temperature of 420°C is often reported as the temperature of transformation 

from amorphous to the anatase crystalline form of TiO2 [58,142,150], however this 

might change according to the size of nanoparticles. Therefore, test samples of thicker 

spin-coated titania films from the same precursor solution for electrospinning were 

prepared followed by the annealing process. The as-prepared spin-coated films were 

confirmed to be amorphous while the anatase crystal phase was detected in the films 

after the heat treatment, as it can be observed in Fig. 3.20. Despite this fact, the anatase 

form of the TiO2 nanofibers cannot be unambiguously concluded and a high resolution 

TEM measurement would be necessary to confirm this supposition.
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Fig. 3.20. XRD pattern of titania nanofiber (NF) (as-prepared and annealed) and titania nanocrystal (NC) 

(as-prepared and annealed) structures with indexed diffraction peaks.

Chemical Composition of Titania Nanofibers

Chemical composition of the surface of titania nanofiber mats was studied by X-ray 

photoelectron spectroscopy in order to determine presence of any organic content before 

and after annealing. Particular atomic concentrations of different elements determined 

in the prepared titania nanofibers are summarized in Table IV.

Table IV. Atomic concentration ratios of different elements in the prepared TiO2

nanofibers determined via XPS

Titania
nanofibers

Atomic Concentration Ratio

C/Ti N/Ti O/Ti

As-prepared 5.4 0.4 4.2

Annealed 0.6 0.0 3.5

It can be seen that the amount of organic content of the fibers dramatically decreased 

after heat treatment. While the amount of carbon decreased down to about one ninth of 

its original concentration, there was no nitrogen determined in the annealed samples. It 

originated from the PVP filler of the as-prepared titania nanofibers. Remaining carbon 

still present in the samples is most probably surface contamination of the TiO2 fibers 
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that is inevitable when working with the fibers in air. It can be assumed that the non-

stoichiometric ratio of O/Ti is given mainly by oxidation of the hydrocarbon 

contamination or PVP remnants present on the surface of the fibers even after the high 

temperature treatment. From the analysis of Ti 2p peak (not shown here), it can be 

concluded that titanium is bonded exclusively to oxygen, no carbides or nitrides formed 

before or after annealing. The analyses of high-resolution XPS spectra of C 1s and O 1s 

peaks in both as-prepared and annealed TiO2 nanofiber films are depicted in Fig. 3.21. 

An assignment between the binding energy and structural units in the spectra was done 

according to literature data [116].

Fig. 3.21. High-resolution XPS spectra of C 1s (top) and O 1s (bottom) peaks in as-prepared (left) and 

annealed (right) TiO2 nanofiber films.

Relatively high oxidation of PVP content in the fibers before annealing is obvious from 

the high-resolution XPS spectra of both C 1s and O 1s peaks. From the deconvolution 
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of O 1s peak, it can be concluded that oxygen is bonded to both titanium and carbon. 

While the amount of oxygen bonded to carbon is higher for the as-prepared films, the 

situation changes after annealing (lost of carbon content). Most of oxygen is bonded to 

titanium in this case. The portion of oxygen bonded to carbon can be divided into 

‘intrinsic’, originating from the pyrrolidone cycle of PVP, and to ‘extrinsic’, originating 

from the oxidation of both the pyrrolidone cycle and carbon backbone structure of PVP 

or oxidation of eventual hydrocarbon contamination originating from atmosphere. The 

oxidation is evident from the high-resolution XPS spectrum of C 1s peak. The 

maximum of the peak is located at 286.9 eV for the as-prepared nanofibers, which was 

assigned to C–N and C–O bonding. Another components of the C 1s peak are the peak 

at 285.0 eV assigned to C–C and C=C bonding and a wide peak at 289.6 eV assigned to 

C=O bonding from the pyrrolidone cycle and its oxidation and decomposition –O–C=O 

and N–(C=O)–O. On the other hand, the maximum of the C 1s peak is located at 285.1 

eV (C–C and C=C bonding) with a limited contribution from bonding of carbon and 

oxygen for the annealed titania nanofibers. This suggests that the contamination of the 

TiO2 nanofibers is composed predominantly of chains with –C–C– backbone as 

remnants of PVP and titanium alkoxide after the heat treatment. Also most of oxygen is 

bonded to titanium which occurs at the expense of C–O bonding, i.e. oxidation of 

backbone carbon.

UV–Vis Spectroscopy and Electrical Properties

Transmittance of TiO2 nanofiber films was measured in UV–vis range. The spectra will

be presented later in the section 3.4.2 together with those of composite films TiO2/SAF.

Electrical properties of pure titania nanofibers were difficult to measure due to the 

mentioned problems with contacting the pure nanofiber samples. Characterization was 

possible only in the case of ‘reinforced’ nanofibers in a composite with SAF dye.

Summary

Titania nanofibers were successfully prepared by electrospinning method. Quality of 

titania nanofiber films was studied in dependence on the relative humidity of the air 

during electrospinning process. Values of the humidity below the critical 30% are 

required to maintain in order to prepare good quality thin films with limited amount of 
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beads and solution drops and with low diameter of titania nanofibers. Also a negative 

effect of film thickness on the film quality was observed. Films thicker than 1 μm tend 

to break at multiple sites during drying. This is especially true for the annealed fibers 

when the removal of the polymer additive leads to poor mechanical properties. Also 

adhesion of the nanofiber films to substrates is limited which is a serious problem for 

any practical application in organic photovoltaics. SEM microscans revealed that the 

average minimum diameter of the as-prepared fibers is around 100 nm and this value 

decreases down to about 50 nm after annealing. The as-prepared titania nanofibers are 

amorphous and the anatase crystal phase can be detected after annealing in air at 420°C 

for 1 hour. Optical energy band gap of titania nanofiber was estimated from the UV–vis 

measurement to be 3.4 eV.

3.2 Nanocomposite Films TiOx/Plasma Polymer

Nanocomposite films of metals or metal oxides embedded in a plasma polymer matrix 

can be considered as a sort of bulk heterojunction structure. Several approaches to 

deposition of such coatings have already been studied in our laboratory (e.g. [9,13–15]). 

The nanocomposite films of TiOx/plasma polymerized polypropylene and TiOx/plasma 

polymerized n-hexane will be discussed further.

3.2.1 TiOx/Polypropylene

This was our first study of nanocomposite films of TiO2 and a plasma polymer. It aimed 

into understanding of the process of formation of TiO2 nanoparticles and their 

incorporation into a plasma polymer and therefore we neglected the fact that the 

resulting films will be insulating and not suitable for photovoltaic applications. The 

deposition was performed as a non-reactive DC and RF co-sputtering in argon from two 

balanced planar magnetrons equipped with TiO2 and PP targets, respectively (see part

2.1.2). This combination was chosen as a case study of the simplest deposition process 

and film structure possible for the basic research of TiOx/C:H nanocomposites. The 

resulting nanocomposite films will be denoted simply as TiOx/pPP in view of the fact 

that PP was used as the source material of the hydrocarbon plasma polymer component 
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and that the plasma sputtered film from TiO2 target generally does not maintain its 

stoichiometric ratio of O/Ti. The films were characterized mainly with respect to the 

ratio r(TiOx)/r(pPP) of the deposition rates of the respective components TiOx and pPP 

maintained during their preparation. The deposition process and basic characterization 

of these composite films was published previously and described in detail [151]. 

Therefore only the most interesting parts of the study will be summarized at this place.

Monitoring the TiOx/pPP Deposition Process by OES

The OES spectra at different r(TiOx)/r(pPP) deposition rate ratios were acquired in the 

200–1000 nm wavelength range. The range 500–1000 nm of the spectra consists solely 

of Ar emission and is not shown here. The 300–500 nm range is remarkable for the 

emission of other species. The spectra of this region, normalized to argon line at 420 nm, 

are shown in Fig. 3.22.

Fig. 3.22. OES spectra monitoring the TiOx/pPP nanocomposite sputtering process in Ar at different 

r(TiOx)/r(pPP) deposition rate ratios noted in the graph on the right. Identified species are listed together 

with wavelength [nm] of their emission peak.
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These spectra contain several bands, the most important being the neutral titanium atom 

lines at 440–480 nm. The intensities of these peaks rise with rising power delivered to 

the TiO2 magnetron, indicating an increase in the deposition rate. The other very 

intensive band at about 310 nm is attributed mainly to OH emission with a contribution 

from the CO species. Other lines at 330 nm and 337 nm can be identified as CO and 

CO2
+, respectively. The intensities of these lines increase with the power delivered to 

the TiO2 magnetron as well. The OH and CO emissions most probably originate from 

water molecules absorbed by polypropylene and also by the very porous ceramic TiO2

target.

Following the nanocomposite film TiOx/pPP preparation, we switched off the RF 

magnetron with PP target and sputtered the TiOx film from the DC magnetron with 

TiO2 target. It may be seen from Fig. 3.22 that some hydrocarbon emission took place 

during TiOx sputtering process that witnessed the presence of hydrocarbon species. This 

was caused by cross-contamination of the porous TiO2 target originating from previous 

sputtering runs with both targets in operation. As it will be shown in the next paragraphs, 

TiOx film really contained carbon and hydrogen and therefore it will be denoted as 

TiOx/C:H. Similarly, in a separate experiment, we switched off the DC magnetron with 

the TiO2 target and RF sputtered from the PP target a hydrocarbon plasma polymer film 

(pPP).

Wettability Measurements

The dependence of the water static contact angle on the deposition rate ratio of the two 

components is shown in Fig. 3.23a. The two ‘not-connected’ extreme values in both 

graphs represent measurements on separately sputtered pPP and TiOx/C:H films, 

respectively. Clearly, the water contact angle depends on both the chemical composition 

and the roughness of the films. The observed values of the static contact angle rise from 

58° (which is in correlation with the static water contact angle of a pure pPP film, 55°) 

for low deposition rate ratios. A maximum of 82° is achieved for the ratio 

r(TiOx)/r(pPP) = 0.5. This corresponds to the contact angle measured on intrinsic TiOx

film, 87°. From this point, the contact angle starts to decrease to a value of 49° for a 

high deposition rate ratio. The cause of this fall might be attributed to the increasing 

roughness of the films with increasing r(TiOx)/r(pPP) ratio (Fig. 3.23b). The values of 

roughness vary between 1 nm and 100 nm for different deposition rate ratios and 
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constant working gas pressure (which will be discussed in the section concerning the 

film morphology). The decrease of the contact angle is caused by this increasing 

roughness of the films as defined by Wenzel’s equation [107].

Fig. 3.23. Dependence of a) static water contact angle and b) roughness of the films on their composition 

represented by the r(TiOx)/r(pPP) deposition rate ratio for TiOx/pPP composite films. The two ‘not-

connected’ extreme values in both graphs represent the measurements on pPP and TiOx/C:H films, 

respectively.

FTIR Analysis of Chemical Structure and RBS/ERDA Analysis of 
Elemental Composition

FTIR RAS spectra (normalized on films thicknesses) of the composite 

TiOx/hydrocarbon plasma polymer films obtained at different r(TiOx)/r(pPP) deposition 

rate ratios are given in Fig. 3.24. The identification of peaks (summarized in Table V) 

was based on data published in Refs. [114,115,152,153]. The chemical structure of the 

nanocomposite films is complex and reflects changes in the deposition rates. 

Characteristic chemical groups belonging to both organic and inorganic components are 

observable in all parts of Fig. 3.24. The most interesting wave-number range of the 

spectra lies between 600 cm-1 and 1000 cm-1 with developing broad absorption bands of 

inorganic groups. The spectrum of a pure plasma polymer hydrocarbon film does not 

contain any detectable absorption peak that could be assigned to chemical groups 

containing titanium. However, a slight peak appears in the spectrum of a composite film 

prepared at the deposition rate ratio 1/16. It is detected at 630 cm-1 (A) and assigned to 

Ti–O(–C) stretching vibration. Upon the rise of the r(TiOx)/r(pPP) deposition rate ratio 

this peak is being gradually overlapped by a broad absorption band. Two peaks of this
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wide band are distinguishable at the ratio 1/5. They are attributed to stretching 

vibrations of TixOy, y/x<2, and TiOH (720 cm-1) (B) and Ti–O–Ti (820 cm-1) (C). The 

broad absorption band shifts to higher wavenumbers as the deposition rate ratio 

increases to 1/2 and higher, e.g. ratio 16/1 and TiOx displayed in Fig. 3.24. This effect is 

caused by the increased intensity of another absorption peak coming from titanium 

bonds, particularly from various vibrations of TiO2 between 870 cm-1 and 950 cm-1 (D).

Fig. 3.24. FTIR RAS spectra of the nanocomposite films deposited at different r(TiOx)/r(pPP) deposition 

rate ratios and pPP and TiOx/C:H films. Values of the ratios are listed in the figure on the right. 

Absorbance of the films is normalized to the uniform film of 100 nm thickness. The inset displays a detail 

of the normalized O–H absorption peak for nanocomposite films prepared at deposition rate ratios 1/16 

and 1/2.

The acquired FTIR spectra of the nanocomposite films suggest that increasing 

deposition rate ratio increases the amount of oxygen in TixOy groups from 

‘substoichiometric’ (y/x<2) to roughly stoichiometric TiO2. Most of oxygen in the films 

prepared at low deposition rate ratios is bound to carbon (stretching vibration C=O near 

1700 cm-1 (E)). This corresponds to oxidation of the polymeric matrix. Typical 

symmetric and asymmetric stretching vibrations of hydrocarbon groups –CH2 and –CH3

(2850–2950 cm-1 (G)) and corresponding bending vibrations (1380 cm-1 and 1460 cm-1
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(F)) are clearly distinguishable especially in the spectra of the composite films prepared 

at low deposition rate ratios.

Table V. Possible assignment of IR absorption bands for TiOx/pPP composite films

Id. Vibration Band [cm-1]

A stretching Ti–O(–C) 630

B stretching TixOy (y/x<2) and TiOH 720

C stretching Ti–O–Ti 820

D TiO2 870–950

E stretching C=O 1700

F bending –CH3, –CH2 1380, 1460

G symmetric and asymmetric stretching –CH3, –CH2 2850–2950

H stretching O–H 3100–3700

I water molecules H-bonded with TiOx and TiOH 3240

J O–H groups H-bonded to each other 3350

K bending H–O–H 1270

The wide peak detectable between 3100 cm-1 and 3700 cm-1 (H) is assigned to 

stretching vibration of O-H groups. A detail of this peak (after normalization) for 

composite films prepared at deposition rate ratios 1/16 and 1/2 is displayed as an inset 

in Fig. 3.24. The maximum of the peak is located at 3350 cm-1 (J) for a lower 

concentration of TiOx component. This corresponds to hydroxyl groups in the material, 

H-bonded mostly to each other [153]. The peak develops its other part at 3240 cm-1 (I) 

upon increasing the deposition rate ratio r(TiOx)/r(pPP). This vibration can be attributed 

to water molecules H-bonded with the TiOx and TiOH. The H–O–H bending vibration 

of molecules of adsorbed water is probably the source of the peak at 1270 cm-1 (K).

The conclusions drawn from the FTIR spectra correspond to the RBS/ERDA analysis of 

elemental composition (not shown here). RBS/ERDA analysis shows a change in the 

atomic concentration with a change of r(TiOx)/r(pPP) deposition rate ratio during the 

film preparation. As expected, a low r(TiOx)/r(pPP) deposition rate ratio produces more 

polymer-like coatings with a high amount of carbon and hydrogen and minimum of 

titanium, according to expectations. The amounts of carbon and titanium in the prepared 

films reflect well the deposition conditions. The RBS/ERDA analysis is discussed in 

more detail in [151].
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Optical Characterization in UV–Vis

The absorbance normalized to a uniform film thickness of 50 nm of separately sputtered 

pPP and TiOx films and TiOx/pPP nanocomposite films measured in the UV and visible 

spectral ranges is shown in Fig. 3.25. The absorption of the films is very low in the 

visible range of the spectrum for more polymer-like films. The absorption increases in 

the whole measured spectrum with an increasing r(TiOx)/r(pPP) deposition rate ratio. 

This observation suggests a higher concentration of inorganic TiOx in the films and is in 

accordance with the FTIR and RBS/ERDA results. A steep increase in absorbance 

below 350 nm can be observed for the films with a sufficient amount of TiOx, i.e. where 

r(TiOx)/r(pPP) = 1 and higher. The band gap of a crystalline TiO2 is 3.2 eV, which 

corresponds to an absorption edge at 387.5 nm.

Fig. 3.25. UV–Vis spectra of TiOx/pPP nanocomposite films deposited at different r(TiOx)/r(pPP) 

deposition rate ratios and spectra of pPP film and TiOx/C:H film. Absorbance is normalized to a uniform 

film thickness of 50 nm.

AFM and TEM Examination of Morphology and Microstructure

Morphology and microstructure of the prepared nanocomposite films examined by 

AFM and TEM are depicted in Fig. 3.26 and Fig. 3.27. At the same time, roughness of 

the films was estimated from the AFM scans (5x5 µm2 area, resolution 512 data points). 

The values of RMS roughness are listed for each type of film in Fig. 3.26. For a better 

comprehension, please see also graph in Fig. 3.23b.
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Fig. 3.26. AFM scan images of TiOx/pPP composite films deposited at different deposition rate ratios, a) 

pPP, b) 0.5, c) 1.0, d) 2.0, e) 16.0, f) TiOx/C:H film. RMS values of roughness are noted in each case.

Fig. 3.27. Transmission Electron Micrographs (x100,000 magnification) of TiOx/pPP composite films 

deposited at different r(TiOx)/r(pPP) deposition rate ratios, a) 0.2, b) 1.0, c) 7.0.



99

The roughness of the prepared composite films increases with the increasing 

r(TiOx)/r(pPP) deposition rate ratio and thus an increasing amount of TiO2 in the film. It 

increases from RMS= 4 nm for intrinsic pPP plasma polymer film (Fig. 3.26a) up to a 

value of RMS= 100 nm for films that have an excess of inorganic content (Fig. 3.26e). 

This increase starts between the r(TiOx)/r(pPP) deposition rate ratios of 0.2 and 0.5 

where the amount of titanium oxide in the film starts to be significant (data from 

RBS/ERDA). Interestingly, the RMS roughness of 7 nm of a separately sputtered TiOx

film is comparable to an intrinsic plasma polymer film. A possible explanation for this 

effect might be an increasing number and size of TiOx clusters embedded in the 

polymeric matrix for the composite films prepared with a higher r(TiOx)/r(pPP) 

deposition rate ratio (see Fig. 3.27).

Typical TEM micrographs of the composite films under x100,000 magnification are 

shown in Fig. 3.27. This study indicates that the composite films with a high inorganic 

TiOx content are highly heterogeneous with aggregated areas (inclusions) of TiOx

material randomly embedded in a polymeric matrix. Composite films become more 

homogeneous within the available resolution on lowering the content of the inorganic 

component. The micrographs reveal an amorphous structure of all of the prepared films. 

Only small grains of TiOx (~2 nm in diameter) are detectable in the structure of 

composite films prepared at low deposition rate ratios (e.g. ratio 0.2 in Fig. 3.27a). 

These turn into larger inclusions with diameters from 5 nm to 8 nm upon increasing the 

TiOx content in the films (see the case for 1.0 ratio in Fig. 3.27b). Further increase of 

the deposition rate of the inorganic component (e.g. ratio 7.0 in Fig. 3.27c) leads to the 

appearance of the inclusions into clusters with dimensions larger than 10 nm. The dark 

cluster areas suggest there are many overlapping inclusions one above another, i.e. 

aggregation.

The Equivalent Filling Factor

It is convenient to express the amount of each phase in a composite in terms of so called 

‘filling factor’ (volume fraction ratio). The filling factor can be defined as follows

(according to (11)):
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where VTiOx is the volume of TiOx and Vpp is the volume of a plasma polymer creating 

the matrix. This parameter has a good physical meaning only when these two phases are 

clearly physically and chemically separated. This is often not fulfilled in composites 

with plasma polymers [15]. However, it is convenient to have a single number 

describing the composite film, even though very roughly. For the purpose we can use 

the so-called ‘equivalent filling factor’.

A filling factor calculation, inspired by the efforts to determine the filling factor for nc-

TiN/a-Si3N4 deposited by a dual ion beam technique [154], has already been applied to 

SiOx/plasma polymer composite films [14,15]. On assuming that the composite film 

consists of the TiOx phase in a slightly oxidized plasma polymer matrix we can write 
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where mTi, mO', mC, mH, mO'' are masses of titanium, oxygen bound to titanium, carbon, 

hydrogen and oxygen bound in the plasma polymer, respectively. Densities TiOx and pp

are assumed to be the same as the bulk materials densities. Total mass of each element 

in the sample my is proportional to nyAy where ny is its atomic percentage (obtained from 

RBS/ERDA) and Ay is its atomic mass. The amount ratio "x" of oxygen and titanium in 

TiOx has the meaning of TiO nxn ' and TiOO nxnn ' , where nO is the total 

concentration of oxygen in the composite film. The final equation for the equivalent 

filling factor then has the following form:
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Based on the RBS/ERDA results, we can expect the oxygen to titanium elemental ratio 

in TiOx to be between 1 and 2. The corresponding calculated filling factors are 

f(TiO2/CHOx) and f(TiO/CHOx), respectively. The dependences of the equivalent filling 

factors on the deposition rate ratio for these extreme values of x are displayed in Fig. 

3.28. According to the FTIR results, we can expect that the values of the equivalent 

filling factor will behave more like f(TiO/CHOx) for lower values of r(TiOx)/r(pPP) 
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deposition rate ratio and more like f(TiO2/CHOx) for higher values. This empirical curve 

is shown schematically in Fig. 3.28.

Fig. 3.28. Dependence of the equivalent filling factor on the r(TiOx)/r(pPP) deposition rate ratios using 

elemental ratios acquired by RBS/ERDA. The empirical equivalent filling factor curve is shown 

schematically, based on FTIR results.

Summary

Nanocomposite films TiOx/hydrocarbon plasma polymer were successfully prepared by 

simultaneous DC and RF magnetron sputtering from TiO2 and PP targets using argon as 

a working gas. The obtained nanocomposite films possessed a wide range of properties 

in dependence on the preparation conditions, primarily on the r(TiOx)/r(pPP) deposition 

rate ratio. Characterization of the deposition process by OES shows an increasing 

amount of titanium in the discharge upon increasing the power delivered to TiO2

magnetron. Wettability of the composite films depends on both the surface chemistry 

and the roughness of the films, both being affected by the amount of TiOx component in 

the films. The values of contact angles vary between 49° and 82°. Studies of the film 

composition by FTIR and RBS/ERDA reveal an expected dependence on the 

r(TiOx)/r(pPP) deposition rate ratio. An increase in this ratio leads to an increase in the 

inorganic content of the films. Morphology of the films assessed by AFM suggests that 

the roughness of the composite films is mainly caused by increasing inorganic content 
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of the composite films. Values of roughness rise from 1 nm to 100 nm with increasing 

r(TiOx)/r(pPP) deposition rate ratio. TEM micrographs reveal that heterogeneity of the 

composite films increases with increasing amount of the inorganic component. All of 

the prepared films are amorphous. Equivalent filling factor changes from 0 to 0.7 in the 

deposition rate ratio range used. The characterization suggests that the TiOx component 

of the composite films transfers from TiO to TiO2 when a higher amount of TiOx

fragments is sputtered off from the TiO2 target.

3.2.2 TiOx/n-Hexane

After the successful preparation of nanocomposite films TiOx/C:H by PVD process 

described in section 3.2.1, the possibility to deposit such coatings by a PECVD process 

was studied in the next step. This is a common procedure for preparation of 

metal/plasma polymer nanocomposite and has been widely utilized in the past for 

various combinations of metals and organics as has already been discussed previously 

[1,2,8,9,155,156]. However, so far we have not tried the set-up for preparation of 

composite films containing a metal oxide.

The composite films were prepared by DC magnetron sputtering from TiO2 target in Ar 

atmosphere with addition of different amounts of n-hexane vapors which was the source 

monomer for the plasma polymer matrix (see section 2.1.1). The deposition process was 

monitored by OES in terms of spectral lines of argon (420.0 nm) and titanium 

(476.0 nm). As can be seen in Fig. 3.29, the stability of the process depended to a great 

extent on the amount of n-hexane in the working gas mixture. The process was unstable 

even at the n-hexane/Ar flow rate ratio of 0.15 (Fig. 3.29 left), but it became completely 

uncontrollable at higher ratios, as can be seen at the example of ratio of 0.30 (Fig. 3.29

right). This effect is caused by contamination of the ceramic TiO2 target by organic 

material from the gas phase. This is a weak point of the tested set-up. The effect has 

already been observed previously in the case of preparation of metal/plasma polymer 

composites, however, never to such an extent that the process could not be maintained.
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Fig. 3.29. OES of deposition processes with different amounts of n-hexane in the working gas mixture.

The deposited composite films were characterized by TEM, FTIR and XPS techniques. 

However, the instable deposition process resulted in films of which overall content and 

TiO2/C:H ratio did not clearly depend on the input deposition parameters. This method 

of nanocomposite films deposition was therefore not studied any further.

Summary

The attempt to prepare nanocomposite films TiOx/C:H by combination of sputtering 

from TiO2 target in Ar+O2 working gas mixture and plasma polymerization of n-hexane 

was not successful due to serious contamination of TiO2 target by fragments from the 

organic vapors. This lead to an unstable deposition process and the composition of the 

films could not be controlled. The combination of PECVD and sputtering from TiO2

target proved to be an incompatible process.

3.3 Bilayer Heterojunction Films TiO2/Organic Material

3.3.1 TiO2/Thiophene

Simple bilayer heterojunction films of TiO2 and a plasma polymer were studied in the 

next step. TiO2 films with low roughness were prepared by DC magnetron sputtering 

from Ti target in Ar+O2 working gas mixture (see section 2.1.2). Plasma polymer was 

deposited from a conjugated organic molecule in order to test the ability to prepare 
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conductive film by a PECVD method (see part 2.1.1). Both continual wave (CW) and 

pulse (PM) modes with various duty cycles (D) (2–90%) at RF powers 5–50 W were 

tested. Thiophene (Th) liquid monomer was chosen as a simple case of a conjugated 

organic structure. This study was presented as a poster at the 3rd International Workshop 

on Polymer/Metal Nanocomposites in Kobe, Japan, on October 3-5, 2007 and published 

in [157].

Composition of Plasma Polymerized Thiophene Films

The influence of various deposition parameters (peak power, polymerization mode, duty 

cycle, etc.) on composition of plasma polymerized thiophene (pTh) films was studied at 

the first step. All the films prepared under various experimental conditions were 

extremely smooth which is typical for plasma polymer films. The RMS roughness

measured by AFM on 1x1 μm2 microscans was about 1 nm. More interesting is the 

composition of the deposited films. Examples of FTIR RAS spectra of the films are 

displayed in Fig. 3.30. A possible assignment of IR absorption bands is listed in Table 

VI.

Fig. 3.30. FTIR RAS spectra of pTh films prepared at different conditions (polymerization mode, peak 

power, toff time).with marked absorption peaks.



105

Table VI. Possible assignment of IR absorption bands for pTh films.

Id. Wavenumber [cm-1] Band

A 3454 OH

B 3296 acetylenic C–H stretch

C 3056 C–H conjugated

D
2957
2917
2861

CH3 groups
aliphatic C–H, CH2 stretch
CH2 groups

E 1680-1690 C=O stretch

F 1582 C=C stretch

G 1437 CH2–S, S–CH, CH2 and CH3

H 1375 CH2 bend

I 1227 acetylenic CH2 wag

J 1020-1070 CO and SO bands

K 835
out of plane C–H ring deformation, 
C–S stretching

It can be seen that the structure of the conjugated thiophene ring is affected during 

plasma polymerization. The conjugated structure of thiophene is completely destroyed 

in the CW mode, especially at higher powers, and many –CH2 and –CH3 functional 

groups can be detected in the IR spectra. The constant ion bombardment of thiophene 

molecules during plasma polymerization results in formation of an irregular 

hydrocarbon plasma polymer matrix with sulfur additive. The pulse mode is expected to 

be a bit ‘gentler’ to the original monomer structure. However, we were not able to set 

such experimental conditions that would lead into a deposition of pTh films with 

preserved conjugated structure of the original monomer. Also oxidation of all the pTh 

films was observed after 2 days storage in air (an increase in absorption bands E and J). 

Such films could not be expected to be conductive and suitable for photovoltaic 

applications.

Optical Properties of pT Films

Optical properties of the deposited pT films and bilayer films TiO2/pTh were studied in 

UV and visible spectral ranges. Typical examples of UV–vis spectra of the bilayer films 

are displayed in Fig. 3.31. The spectra resemble a typical plasma polymer film with a 

crosslinked structure supporting the characterization of the composition by FTIR 

technique. The spectra do not substantially differ among different preparation 

procedures as can be seen in the figure. Nevertheless, some fine differences and several 



106

trends can be distinguished. The onset of the absorption shifts according to the peak 

power applied and the duty cycle used. The estimated optical absorption band gap 

increases for higher powers and higher duty cycles (lower time off). The estimated Eg

values were in the range from 2.2 eV (PM, low peak power, low duty cycle) up to about 

3.1 eV (CW, high powers). It was previously reported that the absorption band gap of a 

thiophene monomer is about 2.0 eV which corresponds to about 620 nm [158]. All the 

values of Eg obtained on our samples were higher than the value for the monomer. This 

suggests a higher crosslinking in the plasma polymerized thiophene films and 

disordering of the conjugated structure of the thiophene monomer.

Fig. 3.31. UV–Vis spectra of bilayer films TiO2/pTh deposited at different conditions (polymerization 

mode, peak power, toff time, duty cycle).

Dark Current–Voltage Characteristics

I–V characteristics of the pTh films prepared under various deposition conditions were 

measured in dark at room temperature. Typical characteristics are displayed in Fig. 3.32. 

All samples showed a space charge limited currents region, while presence of deep traps 

could be seen for samples prepared at high powers. Specific resistances were calculated 

for pTh films prepared at CW (1012 Ωm) and PM (1010–1011 Ωm). The low conductivity 

of pTh films can be explained by fragmentation of the thiophene ring and breaking of 

conjugated structure during plasma polymerization as was witnessed by FTIR. The 

addition of TiO2 film and formation of a composite bilayer heterojunction structure did 

not improve the electrical properties and the samples did not reveal any photoresponse, 

as could be expected (not shown here).
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Fig. 3.32. Dark current–voltage characteristics of plasma polymerized thiophene samples prepared under 

various deposition parameters (polymerization mode, peak power, toff time).

Summary

Plasma polymerization of thiophene monomer results in deposition of extremely smooth 

films. Fragmentation of thiophene ring was observed in the plasma polymerized films.

Fragmentation is caused by energetic ion bombardment in plasma during the deposition. 

This occurs especially in CW mode. However, the pulse mode was not much effective 

either. Optical transmission spectra support the information from FTIR and the films 

resemble typical crosslinked plasma polymer network. An oxidation of pTh films in air 

was observed 2 days after the deposition. I-V characteristics of pTh films show a space 

charge limited currents region and presence of deep traps at samples prepared at high 

power. No photoresponse was observed in the films.

3.3.2 TiO2/Titanyl Phthalocyanine

Since the PECVD of thiophene was not successful in the terms of preparation of 

conductive organic films, we decided to approach the deposition by different methods –

thermal evaporation and SPIAD. The study of composite films of TiO2 and TiOPc in a 
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form of multilayer structures continues in the work on deposition of organic films via 

SPIAD process previously accomplished in our partner laboratory of Prof. Hanley at 

UIC [159]. TiOPc was chosen as the organic photoconductor because the structure of 

phthalocyanines is highly conjugated with a polyaromatic ring. Its absorbance spectrum 

matches the solar spectrum which makes it a good candidate for electron donor in 

organic solar cell applications. For this study, TiO2 films were deposited by DC reactive 

magnetron sputtering from Ti target in Ar+O2 (30% of O2) working gas mixture (see 

section 2.1.2) and served as electron transporting layer. TiOPc film was then deposited 

on top of these films either by a simple thermal evaporation in vacuum (see section 

2.1.3) or by SPIAD method (see section 2.1.4). The results were published in [160–162].

The previous study of TiOPc accomplished at UIC focused mainly on the chemical

composition of the TiOPc films deposited either by thermal evaporation or by SPIAD 

method. The most important conclusions were that SPIAD causes dimerization between 

adjacent TiOPc molecules, increases carbon content due to addition of acetylene ions 

and that phthalocyanine electronic and chemical structure is largely preserved during 

the process. Results were presented in [163]. In this work, we focused mainly on the 

optical and electrical properties of TiOPc films and TiO2/TiOPc bilayer films.

Morphology of TiO2/TiOPc Bilayer Films

Morphology of the bilayer films TiO2/TiOPc was studied by AFM. Typical microscans

of the prepared films are displayed in Fig. 3.33. TiOPc films were prepared either by 

simple thermal evaporation or by SPIAD method. Both methods result in the deposition 

of the same films from the morphological point of view. The films are homogeneous

and relatively smooth with RMS roughness of about 15 nm as measured on 5x5 μm2

AFM microscans.
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Fig. 3.33. AFM microscans of TiO2/TiOPc bilayer films in which TiOPc films were prepared either by 

simple thermal evaporation or by SPIAD.

Optical Properties and Absorption Coefficient

UV–vis absorption spectra of evaporated and SPIAD TiOPc films are displayed in Fig. 

3.34. The lowest-energy absorption band with maxima located at 726 nm and 729 nm in 

SPIAD and evaporated samples, respectively, corresponded to the characteristic Q-band 

assigned to –* transition of conjugated systems. SPIAD samples had a higher 

absorption coefficient than the evaporated ones. The optical energy band gap (Eg) of the 

films was evaluated from the thin film absorption edge and it was nearly the same for 

both SPIAD and evaporated films – 1.55 eV and 1.54 eV, respectively, which is in good 

agreement with results obtained by UPS [160]. It can be seen that the shapes of UV–vis 

spectra for SPIAD and evaporated samples are very similar to each other. This 

corresponds to the similarity of UP and XP spectra of the films. UPS and XPS also 

showed at least some covalent bonding between adjacent TiOPc molecules to form 

dimers during SPIAD that did not occur by evaporation. These results indicated that 
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phthalocyanine electronic and chemical structures were largely preserved during SPIAD. 

The higher absorption of the SPIAD samples is probably due to bonding in dimers.

Fig. 3.34. UV–vis absorption spectra of evaporated and SPIAD TiOPc films.

SPV Characterization of TiOPc Films and Bilayer Films TiO2/TiOPc

SPV spectra of SPIAD deposited and evaporated TiOPc thin films are shown in Fig. 

3.35. The photovoltage depends on the wavelength of the illuminating light for both 

SPIAD deposited and evaporated films. It can be seen that the SPV spectra for SPIAD 

deposited and evaporated TiOPc are similar to each other and clearly correlate with the 

UV–vis absorption spectra.

Fig. 3.35. Normalized SPV spectra of evaporated (30 nm thick) and SPIAD (15 nm thick) TiOPc films 

compared with the SPIAD film absorption.
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The photovoltage spectra of TiO2/TiOPc bilayer films are shown in Fig. 3.36a. The 

spectra for evaporated and SPIAD deposited TiOPc films are also similar to each other, 

but they are much broader than those displayed in Fig. 3.35.

Fig. 3.36. Normalized SPV spectra of (a) TiO2/TiOPc bilayer films: evaporated and SPIAD deposited 

TiOPc; and (b) SPIAD deposited TiO2/TiOPc bilayer and SPIAD deposited TiOPc single layer films. 

TiOPc film thickness: SPIAD deposited was 220 nm and evaporated 250 nm, TiO2 film thickness 80 nm.

The difference could be assigned to the different thicknesses of the TiOPc layer as is 

illustrated in Fig. 3.36b, where the SPV spectrum of 220 nm thick SPIAD deposited 

TiOPc film is shown. In principle, in the case of a thin layer the SPV signal 

predominantly follows the absorption coefficient spectrum, while the SPV of thicker

samples in addition depends on the diffusion length and the surface recombination 

velocity. The surface photovoltage in a thin layer is a result of dissociation of 

photogenerated free excitons in electric field of the space charge region which forms 

spontaneously at the surface.

All films were characterized by the SPV method using absorption coefficients evaluated 

from measurement of the optical transmission and reflection spectra. By fitting SPV 

theory to the experimental data, the thickness of the space charge region (SCR) and the

exciton diffusion lengths were evaluated. Drift lengths of the charge carriers in the SCR 

showed recombination, influencing the voltage from this depletion region. Typically, 

the thickness of the SCR was higher than that of the bulk. The diffusion length of 

excitons was estimated to be about 15 nm which is typical for organic conductors. No 

differences in the surface photovoltage spectra or the exciton diffusion lengths were 
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observed between the SPIAD and evaporated TiOPc films more than one year after the 

samples preparation. An aging process was indicated in the evaporated films leading to 

chemical interaction and modification of the electronic structure and HOMO energy of 

TiOPc. It was probably caused by a diffusion of water molecules into the bulk of TiOPc 

films and induced changes in the absorption spectra. It appears that the SPIAD method 

of TiOPc deposition leads to a more stable dimer structure which does not change in 

time whereas the films created by simple evaporation technique change their properties 

during the aging process. A detailed discussion of evaluation of SPV measurements was 

reported in [162].

Dark Current–Voltage Characteristics of TiOPc and TiO2/TiOPc Films

The measurement of dark I–V characteristics of TiOPc and TiO2/TiOPc bilayer films 

was conducted between Al and ITO electrodes at room temperature with Al electrode 

positively polarized. Examples of the I–V characteristics are displayed in Fig. 3.37. The 

overall shapes of I–V characteristics of TiOPc and TiO2/TiOPc bilayer films correspond 

to the general behavior of an insulating material.

Fig. 3.37. Dark current–voltage characteristics of TiOPc films and TiO2/TiOPc bilayer films measured at 

room temperature. TiOPc was prepared either by SPIAD or thermal evaporation.

Different regimes were distinguished in the TiOPc samples, however linear (ohmic) J vs. 

V dependence was only rarely visible. On the other hand, space charge limited (SCR) 
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current regions (J  V2) were observed in all samples. The charge transport is controlled 

by SCR. The rapid increase of the current (J  Vn, n = 4–8) demonstrates the presence 

of deep traps. Their concentration calculated from the voltage corresponding to the 

onset of the steep increase of the current was (3–7)1015 cm-3. The different onsets of the 

quadratic dependencies show also presence of the shallow traps. The concentration of 

shallow traps is higher in the evaporated samples in comparison with the SPIAD 

samples.

The I–V characteristics of TiO2/TiOPc bilayer samples are complex. A barrier at the 

TiO2/TiOPc interface in combination with an influence of the traps perhaps dominates 

the charge transport. Further measurements especially at various temperatures are

necessary. Both shallow and deep traps are present in all samples. The concentration of 

shallow traps is higher in the TiOPc evaporated samples compared to TiO2/TiOPc 

evaporated samples. On the other hand, the concentration of shallow traps is higher in 

TiO2/TiOPc SPIAD samples than in the SPIAD TiOPc samples.

Summary

In conclusion, both thermal evaporation and SPIAD deposition techniques of TiOPc 

layers result in formation of homogeneous and relatively smooth films. The different 

preparation methods lead to a higher absorption coefficient of the SPIAD samples as 

compared with that of the evaporated samples. Charge transport in the films is 

controlled by space charge limited currents in all samples with an influence of traps. I–

V characteristics of bilayer films TiO2/TiOPc are very complex with a probable barrier 

at the TiO2/TiOPc interface. There are no large differences between the SPV 

measurements of SPIAD vs. evaporated TiOPc films. Phthalocyanine electronic and 

chemical structure was largely preserved during SPIAD and the dimerization of TiOPc 

observed previously did not appear to affect the photoresponse. Photoresponse of the 

material shown in the photovoltage spectra matched well the solar spectrum, which 

suggests a possibility to use these bilayer thin films in photovoltaic solar cells. The free 

exciton diffusion length was estimated to be about 15 nm.
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3.4 Diffuse Bilayer Heterojunction Films TiO2/Organic Material 

3.4.1 TiO2 Nanoclusters/Terthiophene

This is the latest study accomplished in our laboratory. It utilizes the knowledge 

obtained on oxidized titanium nanoclusters prepared by gas aggregation cluster source

presented in section 3.1.2. Here, TiO2 nanocluster films with a high RMS roughness 

(70 nm at 5x5 μm2) are covered by terthiophene (3T) films which form diffuse bilayer 

heterojunction structures. The 3T films are deposited either by simple thermal 

evaporation or by thermal evaporation simultaneously activated by a glow discharge in 

CW mode (see part 2.1.3). For this purpose, 3T monomer powder was used as the 

source material. First preliminary results were presented as a poster at Materials Science 

and Engineering (MSE) 2010 conference in Darmstadt, Germany, on August 24-26, 

2010.

Morphology of Evaporated Terthiophene Films

Morphology and topography of the deposited 3T films were studied by AFM and SEM 

methods. The AFM microscans presented in Fig. 3.38 reveal that the surface of the 

evaporated organic films is very porous and that the dye forms crystallites.

Fig. 3.38. AFM microscans of evaporated terthiophene films.

The crystallites can be also observed in SEM mirographs presented in Fig. 3.39. At 

present, we try to avoid formation of these structures by application of a glow discharge 

during evaporation and/or by biasing the substrates. The crystallites are unfavorable due 

to several practical reasons. On one hand, the irregular surface makes a detailed analysis 
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of optical and photovoltaic characteristics difficult. On the other hand, such porous 

surface will cause problems when depositing top electrodes for electrical measurements 

and might even shunt the device. However, the results on the effectiveness of the 

application of a glow discharge are not available yet.

Fig. 3.39. SEM micrographs of evaporated terthiophene films.

FTIR Analysis of 3T Films

FTIR RAS analysis of the evaporated 3T films and films deposited by assistance of a 

glow discharge in CW mode at different peak powers was performed to distinguish 

changes in any functional groups present in the different films. The IR spectra are 

displayed in Fig. 3.40. Possible assignment of known IR absorption bands present in the 

spectra is listed in Table VII [164]. At first sight, the spectra of the films prepared under 

different experimental conditions look very similar with typical absorption bands

present in polymer films. However, there are important differences among them. 

Particularly in the absorption bands located at 1423 cm-1 and 667 cm-1. They were 

assigned to vibration of the thiophene ring and stretching vibration of C–S functional 

group, respectively. It can be seen that when the glow discharge is applied, the 

absorption of these bands decreases and the higher the power is applied the more the 

absorption decreases. Since the shape of the peaks does not change, the lower 

absorption of the respective bands most probably corresponds to the presence of a lower 
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amount of the functional groups in the studied films. Then it could be concluded that the 

application of a glow discharge modifies the structure of the 3T monomer and destructs 

the thiophene structural unit. It is most probable that the conjugated structure of 3T is 

affected which might result in deterioration of electrical properties. These observations 

are consistent with the conclusions from the PECVD deposition of thiophene films 

presented in section 3.3.1. The overall stability of the prepared 3T films in air was good.

Fig. 3.40. FTIR RAS spectra of terthiophene films prepared by evaporation and by evaporation with 

simultaneous activation by a glow discharge with marked absorption peaks.

Table VII. Possible assignment of IR absorption bands for 3T films.

Band  [cm-1] Vibration Band  [cm-1] Vibration

1497 thiophene ring 1057 C–O-C, C–OH stretching

1460 –CH2, –CH3 bending 898 C–H bending

1423 thiophene ring 877 C–H bending

1377 –CH2, –CH3 bending 845 ?C–S stretching

1348 –CH2 wagging 833 C–S stretch., C–H ring def.

1253 –C–O–C– stretching 818 C–H bending

1200 C–OH stretching 797 C–H out of plane bending

1070
C–H in plane bending,
C–OH stretching, S–O

687 C–H out-of-plane bending

667 C–S stretching
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Optical Properties of Ti Nanocluster and 3T Films

Optical properties of 3T and Ti nanocluster films were studied by UV–vis spectroscopy

(Fig. 3.41). As can be seen from the figure, the evaporated 3T films and evaporated 3T 

films in a glow discharge of a lower power are similar to each other. The absorption 

band located between 300 nm and 400 nm is greatly suppressed in the 3T films

evaporated with assistance of a glow discharge at 80 W. This is most probably 

connected with the destruction of the conjugated structure of the 3T monomer at high 

peak power described above. The spectrum is close to typical spectra of plasma polymer 

films. The transmittance spectra of Ti nanocluster films are displayed in Fig. 3.41 for 

comparison. They are closely discussed in section 3.1.2.

Fig. 3.41. UV–Vis spectra of titanium nanocluster and terthiophene films after substrate subtraction. 

Thickness of the Ti nc films was 100 nm and of the 3T films 1 μm.

Surface Photovoltage Measurement

SPV spectra of evaporated 3T films and nanocomposite films of TiO2 nanoclusters and 

evaporated 3T were measured. The spectra are displayed in Fig. 3.42. All the spectra are 

similar to each other and correspond to the optical absorption spectrum of evaporated 

3T film. The incorporation of Ti/TiO2 clusters into the nanocomposite films resulted in 

an increase in the measured photovoltage. However, any detailed analysis of the 

measurements could not be done yet due to the problems with formation of crystallites 

in the evaporated 3T films mentioned above.
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Fig. 3.42. SPV spectra of evaporated 3T film and nanocomposite films of evaporated 3T and Ti 

nanoclusters compared to the absorption spectrum of evaporated 3T film.

Summary

Size of the used Ti nanoclusters was about 10 nm and their film RMS roughness was 

about 70 nm which is convenient for creation of a large interface between the organic 

and inorganic films as is required in the photovoltaic applications. The stability of the 

3T films was good as measured by FTIR spectroscopy. The application of a glow 

discharge during evaporation of 3T unfavorably affected the structure of the thiophene 

monomer unit. Photovoltage of the 3T and the TiO2/3T nanocomposite films 

corresponds to UV–vis spectra of evaporated 3T films and shows tendency for 

improvement, however, drawback is the presence of carbon contamination of Ti 

nanoclusters discussed previously in section 3.1.2.

3.4.2 TiO2 Nanofibers/Safranin O

The study of composite films of titania nanofibers and Safranin O dye directly follows 

the characterization of TiO2 nanofibers presented in the section 3.1.3. The results on the 

composite films were published in the same journal paper [145].
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Morphology of SAF Films and TiO2 Nanofiber/SAF Composite Films

Typical SEM microscans of surfaces of Safranin O films prepared from ethanol 

solutions of different concentrations are displayed in Fig. 3.43 left. It can be observed 

that the dye crystallizes on the free substrate surface after natural drying out at room 

temperature in air for any concentration of the solution. The shape of the formed 

crystals varies from interconnected crystal network at lower concentrations to rod-like 

structures for higher concentrations. This result is different from the findings of 

G. Ciric-Marjanovic et al. [165] who observed rather featureless fragmental 

morphology and no presence of any nanostructures in the SAF products, however in 

water or in mildly acidic media.

Fig. 3.43. SEM micrographs of SAF films prepared from ethanol solution (left) and composite films of 

TiO2 nanofibers with SAF film; as-prepared (centre) and annealed TiO2 nanofibers (right). For a better 

orientation, boundaries between intrinsic TiO2 nanofibers and nanofiber/SAF composites are displayed 

(centre and right). Concentrations of SAF solutions in ethanol are expressed in terms of weight-weight 

percentage, wt%.
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On the other hand, when the SAF film is prepared on the substrate covered with titania 

nanofibers, both as-prepared and annealed, the dye has no space for creation of crystals 

and the procedure results in formation of a relatively smooth film on top and in-between 

the fibers (Fig. 3.43 centre and right). For better orientation, boundaries between 

intrinsic TiO2 nanofibers and nanofiber/SAF composites are displayed in these 

microscans. Tension arises in the SAF films during and after drying which might result 

in breaking of titania nanofibers especially for higher concentrations of solutions, as can 

be seen in Fig. 3.43 for concentration 6.2 wt%. Therefore, only lower concentrations 

were chosen for the preparation of composite films TiO2 nanofibers/SAF. It can also be 

noticed that the as-prepared TiO2 nanofibers are partly dissolved in the ethanol from 

Safranin O solution which originates in the fact that the fibers still contain PVP filler.

TiO2/SAF Composite Nanofibers

In order to be able to compare various structures containing titania and the dye, also 

composite nanofibers of TiO2 and SAF were electrospun following the same procedure, 

however, this time with the SAF dye added directly into the electrospinning solution. 

Values of diameters of the composite fibers were measured from SEM microscans and 

compared with dyed annealed intrinsic titania fibers. Typical views of such non-woven 

mat surfaces are depicted in Fig. 3.44.

Fig. 3.44. SEM micrographs of nanofibers prepared from ethanol solution of TTIP + PVP + SAF (0.7 

wt%); as-prepared (left) and annealed nanofibers (centre) displayed with their respective average 

diameter, and a composite film of annealed TiO2 nanofibers and SAF 0.7 wt% (right), for comparison.
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The fiber diameters did not change after dyeing the electrospinning solution. Average 

fiber diameters were estimated to be about 110 nm for the as-prepared fibers and about 

50 nm for the annealed ones. The composite fibers lose all the organic content during 

high temperature treatment causing the decrease in the fiber diameter. This will be 

discussed further according to the XPS results.

UV–Vis Spectroscopy

The measured UV–vis transmittance spectra of the studied materials are in Fig. 3.45. 

All the spectra are presented after correction to substrate absorption (subtraction). The 

actual measured transmittance spectra of the deposited films of different thicknesses 

were normalized to a uniform film thickness of 100 nm using Beer–Lambert law.

Fig. 3.45. UV–Vis transmittance spectra of the studied materials after substrate subtraction and 

normalization to a uniform thickness of 100 nm.

The spectra of titania nanofiber films correspond to typical spectra of nanocrystalline 

TiO2 structures with an absorption edge at 365 nm for the as-prepared films and at 

362 nm for the annealed films. These wavelengths correspond to an optical energy band 

gap (Eg) of 3.4 eV (Table VIII). All the Eg values have been estimated from fitting of 

(αhν)2 vs. hν graphs for direct band gaps neglecting the reflectance of the samples. The 

obtained values of Eg (especially for the annealed nanofibers) are higher than the value 
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3.2 eV generally stated for the bulk anatase TiO2. Further, three absorption peaks are 

distinguishable in the measured UV–vis transmittance spectrum of film prepared from 

SAF and PVP mixture on silica substrate. The steep absorption peak with maximum at 

212 nm belongs to PVP. Its Eg was estimated to be 5.7 eV, which corresponds to an 

absorption edge at 218 nm. The other two absorption peaks belong to the SAF dye. The 

peak with a maximum at 274 nm and a shoulder at 260 nm is assigned to Soret band. 

The same value of the peak was published in [166]. The wide peak positioned between 

420 nm and 600 nm is assigned to Q-band with a splitting caused by aggregation and/or 

crystallization in the solid state of SAF with two local maxima at 513 nm and 544 nm. 

Let us note that the estimated energy band gap of SAF + PVP corresponds to that in 

[167] but it differs from the value 2.39 eV (520 nm), which is considered as the actual 

band gap of the dye. Very probably, the discrepancy is caused by the broadening of the 

split Q-band.

Table VIII. Optical energy band gap (Eg) of the studied materials estimated from fitting 
in (αhν)2 vs. hν graphs.

Material Eg [eV] Eg [nm]

NF TiO2 3.4 365.3

NF TiO2A 3.4 361.8

PVP 4.5 wt% 5.7 218.0

SAF 0.7 wt% + PVP 7.0 wt% 2.2 571.2

UV–Vis transmittance spectra of composite films of TiO2 nanofibers and SAF dye after 

the substrate subtraction and normalization to a uniform thickness of 100 nm are 

depicted in Fig. 3.46. Composite nanofibers prepared from dyed precursor solution 

show an absorption edge at around 360 nm and a slight indication of SAF Q-band 

absorption peak at around 550 nm. This absorption peak vanishes after nanofiber 

annealing and evidences about disintegration of the organic structure at high 

temperature. Therefore, preparation of composite nanofibers from a dyed solution is not 

suitable and post-annealing dyeing of pure titania nanofibers is necessary. This ensures 

the presence of the organic content in the composite films. The spectra of dyed as-

prepared and annealed titania nanofibers are similar to each other, without obvious Q-

band splitting, and differ only in the optical absorption edge of titania which 

corresponds to the evaluations from the spectra of pure titania nanofibers (Fig. 3.46,

Table VIII). Also dyed multilayer composite films of titania nanocrystal films and 

titania nanofiber films were studied. Splitting of SAF Q-band absorption between 
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420 nm and 600 nm is clearly visible with local maxima at 508 nm and 544 nm and 

titania absorption edge at 368 nm. The actual degree of absorption of this composite 

film is higher compared to other tested materials. This might be caused by an 

uncertainty in the normalization to the uniform thickness of the films due to relatively 

high error in measurement of the actual thickness of the nanofiber film caused by 

brittleness of the ceramic titania fibers.

Fig. 3.46. UV–Vis transmittance spectra of composite films of TiO2 nanofibers and SAF dye after 

substrate subtraction and normalization to a uniform thickness of 100 nm.

I–V Characteristics

Current through the organic semiconductors is often limited by a space charge injected 

into these materials by the metal electrode. Current–voltage measurements of TiO2

nanofibers dyed with SAF were performed between ITO (bottom) and Al (top) 

electrodes in air at room temperature. They revealed that different regimes can be 

distinguished in the characteristics (Fig. 3.47). The charge transport is probably 

influenced by the space charge limited currents (SCLC) due to the very high resistance 

of the materials. Ohmic dependence is seen in the low voltage region followed by 

square law dependence at a higher voltage showing the space charge limited conduction 

(J  V2). The current J increases rapidly above 1 V (J  Vn) with n = 4 for the as-
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prepared TiO2 nanofiber film and n = 5 for the annealed one. This points out to filling of 

traps in SAF. Their presence in structurally disordered organic materials is expected. 

Charging and discharging of the traps can essentially affect operation of organic based 

devices.

Fig. 3.47. Logarithmic plot of dark forward current vs. bias voltage of TiO2 nanofibers (as-prepared and 

annealed) with Safranin O dye (0.1 wt %) samples. The inset shows dark current–voltage characteristics 

in both directions.

SPV Characterization of Composite Films of TiO2 and Safranin O

The composite films prepared at NIMS were characterized by SPV method in our 

laboratory after about one year after their preparation. The samples were a multilayer 

structure of titania nanocrystals (NC) and nanofibers (NF) with SAF dye. The 

multilayer structure of titania was chosen to improve adhesion of nanofibers to the 

substrate. The results are displayed in Fig. 3.48. The measured photovoltage was very 

low and did not correspond to the UV–vis absorption spectra of SAF dye. Therefore, the 

spectra could not be used for further characterization of the films. The situation was 

probably caused by the long time elapsed since the films preparation and ageing of the 

films.
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Fig. 3.48. Photovoltage spectra as measured by SPV method. As-prepared and annealed (A) titania 

nanocluster (NC), nanofiber (NF) and Safranin O nanocomposite films.

Summary

The SEM characterization of morphology of the composite films of SAF dye and TiO2

nanofiber showed that SAF dye crystallizes under certain conditions and that the 

amounts up to 1.5 wt% should be preferred for SAF thin film preparation. Electrical and 

optical measurements were carried out in order to characterize properties of Safranin O 

dye and titania nanofiber/Safranin O composite thin films. Safranin O is characterized 

by two strong absorption peaks; Soret band at 274 nm and wide Q-band with splitting 

between 420 nm and 600 nm. The dye extended the spectral response of the composite 

above 500 nm making it interesting for application in photovoltaics. The charge 

transport in the composite films is influenced by the space charge limited currents due 

to the very high resistance of the materials. Rather low adhesion of titania nanofibers is 

a problem that should be studied in detail in order to enhance the electrical properties of 

titania nanofiber-based composites.
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4 Conclusions

The most important conclusions and remarks can be summarized as follows:

Deposition of TiO2 films and nanostructures:

 different deposition techniques result in different nanostructures and film 

properties:

- magnetron sputtering – smooth films

- gas aggregation cluster source – rough nanoparticle films with high surface 

area

- electrospinning – nanofiber films and non-woven mats

 characteristics of the resulting films and nanostructures can be controlled by 

modification of the deposition parameters of the respective technique

 none of the methods can prepare pure TiO2 films, all are contaminated by 

hydrocarbons which probably cannot be avoided when treating the films in air

 magnetron sputtering and electrospinning methods result in preparation of 

mostly amorphous TiO2 films with a certain amount of anatase phase; gas 

aggregation cluster source technique results in deposition of Ti nanoparticles in 

hexagonal crystal structure which start to oxidize spontaneously in air to form 

amorphous TiO2

 annealing of resulting films at 420°C leads to transformation from amorphous to 

the anatase crystal structure and decreases the hydrocarbon contamination

Deposition of organic films:

 plasma polymerization and magnetron sputtering destroy the chemical 

(conjugated) structure of the original molecules and result in formation of 

insulating crosslinked plasma polymer network and are therefore not suitable for 

deposition of conducting organic films
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 pulsed mode of plasma polymerization has a potential to be utilized for 

preparation of films resembling the original conjugated structure of the 

monomer, however, a precise research in the deposition parameters is required 

for each particular material and apparatus

 thermal evaporation and SPIAD are suitable for deposition of conductive 

organic films in the case of low molecular weight materials

Deposition of composite structures:

 three different types of TiO2 nanocomposite structures were studied: 

nanocomposite films TiOx/C:H (bulk heterojunction), bilayer heterojunction 

films and diffuse bilayer heterojunction films

 the main factors affecting the electrical and optical properties are the quality and 

intrinsic properties of the deposited organic film; the direct influence of the type 

of composite structure on these properties was not substantial

Outlook

Despite the problems in the preparation of quality TiOx/C:H nanocomposites for direct 

photovoltaic application, the presented study was successful especially in preparation of 

various TiO2 nanostructures which are nowadays prospective also in other types of 

important technological applications. The most important direction from them is the 

utilization of TiO2 nanoparticles in biomedicine. Also our further research has been 

performed in this manner in co-operation with the Institute of Physiology of the 

Academy of Sciences of the Czech Republic. The first results on enhancement of cell 

growth and adhesion to substrates covered with TiO2 nanostructures prepared by gas 

aggregation cluster source intended for application in biomedicine are about to be 

published [168].
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