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BACKGROUND INFORMATION AND INTRODUCTION  

A coating is a thin solid matter, which allows the adaptation of a surface in a fashion to provide desired 

properties different from the surface properties of the bulk material. The coated bulk material is called 

substrate in thin film technology.  

The surfaces of a substrate can be coated and/or modified. The modification is a tuning of the microstructure 

near to the surface of the substrate material by application of laser beams, ion beams, plasma-techniques, UV 

and synchrotron radiation [1]. Typically, the modification of the microstructure is a gradient like tuning of the 

desired surface properties towards the depths of the bulk material. Another common way to generate a new 

surface with tuned properties is to combine surface modifications and coating processes. In this case, a plasma 

modified surface is coated with a desired thin film. The combination of those techniques is mainly applied to 

enhance the adhesion of the thin film to the substrate. Thin films can be applied by the use of a single film, a 

double layer film, a gradient film or films in multilayer and composite assembling. Multilayer designs or 

composites with a single film thickness or composite diameter below 100 nm are called nanostructured films 

[2,3].  

Surface modification and thin film development by physical vapour deposition (PVD) and plasma assisted 

chemical vapour deposition (PA-CVD) methods starts with the selection of the plasma modification and 

coating equipment, which is installed in a vacuum chamber. This step is followed by the process design and 

deposition experiments. The investigation of the structural, chemical and physical properties of the modified 

and coated surfaces plays the most important role during process development. Surface modification and film 

development are strongly associated with the substrate material. Usually, the substrate material is determined 

by the application of the whole substrate/thin film assembling, whereas the surface modification or the film is 

dedicated to tune the given surface of the bulk material. This implies, that plasma processes have to be chosen 

in a fashion to meet the demands for the final product as well as to be applicable to the given substrate 

material. To prevent thermal and/or radiation damage from plasma processes on sensitive substrates are major 

challenges in thin film and plasma technology. Especially polymers are sensitive to thermal damage, and 

therefore, the process temperature should be kept as low as possible when cleaning or coating polymer 

surfaces with plasma techniques.  

Another technical problem occurs when coating insulating polymers or even any insulating material: Insulating 

samples cannot be conventionally direct current (DC) biased during deposition. Biasing the substrates is a 

conventional way to tune the film properties by ion bombardment during growth. Non-conductive substrates 

can be biased with pulsed direct current (DC) (up to several 100 kHz) and radiofrequency (RF) (typically 

13.56 MHz) power generators. A pulsed or radio frequency bias voltage is applied in PA-CVD and mostly 

during magnetron sputtering to ensure proper plasma conditions on the substrate in order to deposit dense 

films [4,5]. Pulsed or radio frequency bias applied to substrates causes elevated process temperatures of 

>100°C. Heavy ion bombardment of the substrate surface causes the elevated temperatures due to the excess 

kinetic energy.  
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The deposition temperature plays a prominent role in the growth of diamond-like carbon films (DLC). DLC 

films present a meta-stable amorphous form of carbon with a significant percentage of Csp3–Csp3 bonds. Due 

to an extremely broad field of possible physical and chemical properties gained by different deposition 

processes and process parameters as well as the use of alloying and doping elements, applications can be found 

in almost all fields of technology and life science (semiconductor and electronic industry, energy industry, 

biochemistry, biology, medicine, analytical chemistry, food industry, etc.). 

Since DLC is a metastable matter with carbon atoms in sp2 and sp3 hybridisation, deposition temperatures 

higher than 150°C, as well as irradiation with energetic photons and particles, create the energetically 

preferable aromatic sp2 clusters in the carbon network. This observation is supported by results reported in 

various articles dealing with the role of the deposition temperature during growth of DLC films [6-13]. 

Researchers noted a decrease of the Csp3–Csp3 fraction, density, residual stress, electrical resistivity, optical 

gap and an increase in roughness at deposition temperatures higher than 150°C when growing tetrahedral DLC 

films (ta-C).  

Ta-C films have the highest Csp3–Csp3 fraction of all DLC films, and show thus the strongest diamond-like 

character supported by having the highest density, residual stress, electrical resistivity and optical gap of all 

DLC films [4]. Therefore, these films are deposited at room temperature when strong mechanical properties 

are required in the application. The behaviour does not change significantly, when depositing hydrogenated 

tetrahedral DLC films (ta-C:H) and hydrogenated DLC films (a-C:H). Elevated deposition temperatures cause 

aromatic sp2 clusters to increase in the carbon network. Therefore, the demand of applying DLC films on 

temperature sensitive substrates coincidences in principle with the general requirement of lower deposition 

temperatures in order to control the Csp3–Csp3 fraction in the films. Thus, DLC differs substantially from most 

thin film systems (borides, carbides, nitrides, oxides, metals etc.) where higher deposition temperatures are 

mandatory to ensure the growth of preferred nano-crystalline or crystalline film structures [14].  

For a controlled DLC deposition, the kinetic energy of the condensing carbon and hydrocarbon ions and 

neutrals plays the most important role [4]. The kinetic impact of ions on the growing DLC film causes 

variations in the Csp3–Csp3 bonding in the growing film and is therefore responsible for the diamond-like 

character of these films. An ion energy of 100 eV/C+ is known to increase the Csp3–Csp3 fraction to its 

possible maximum, forming ta-C films [6-7,15-18]. It is not always clear, if the DLC film with the highest 

Csp3–Csp3 bonding fraction is adequate in application. However, the ion energy represents the most effective 

parameter to control the structure of DLC during the growth and can therefore ensure proper process results if 

assessable and easy to control in the selected process. From this discussion, mass selected ion beam deposition 

(MSIBD) would be the most preferable technique for DLC deposition. In MSIBD, a carbon ion beam is 

formed by an ion source from a graphite target, which is thereafter accelerated up to 40 keV. Neutrals will be 

filtered out with a magnetic filter followed by retarding the ions to the desired ion energy for film growth 

[6-7,9,19-23]. This technique allows the deposition of virtually every amorphous carbon system (from graphite 

like to diamond-like), but has the major and serious drawback of a deposition rate of ~10-2 nm·min-1 [4], which 

almost prevents the application of MSIBD as an industrial coating process.  
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Similar to MSIBD, pulsed laser deposition (PLD), working at a wavelength in the ultraviolet range, has the 

potential to control easily the ion energy of carbon ions, which is linearly related to the pulse fluence [24,25]. 

Considering assets and drawbacks of PLD, a higher deposition rate up to several nm·min-1 has to be noted for 

this technique, whereas the area, which can be homogeneously coated with one laser beam is only less than 

one cm2. PLD by employing infrared laser radiation enables even higher deposition rates and coating areas. 

However, a drawback of PLD is the formation of particulates and droplets in the films, which result from 

intense laser bombardment of the graphite target. Particulates are microscopic parts of the target, which do not 

undergo any vapour or plasma state. Droplets are melted aggregates of the target material. The formation of 

these defects is a major challenge in DLC coating technology. The use of a solid carbon source for DLC 

growth like in PLD, magnetron sputtering and arc discharge will unavoidably result in the formation of defects 

in the deposited DLC films. From these named techniques, magnetron sputtering has the potential to grow the 

most homogeneous DLC films [4] with the smallest number of defects originating from the target, when the 

process is properly tuned. Moreover, magnetron sputtering is a very common DLC deposition technique 

applied in industry since it allows ease of scale up [26-35].  

Deposition of metal-carbide containing DLC films with magnetron sputtering was proved by various scientists. 

Sputtering is the preferable process for the deposition of these nanostructured films, since the metals can be 

incorporated by the evaporation of metal targets in an argon (Ar)/hydrocarbon discharge, where the 

hydrocarbon gas acts as the precursor for the growth of the DLC matrix [36-40]. The drawback of 

conventional DC, pulsed DC and RF magnetron sputtering is the low rate of ionised species to neutrals in the 

plasma and the low kinetic energy of the carbon species [4].  

Besides the discussed deposition techniques, ion beam methods have the potential to combine the needs of 

controllable ion energy of carbon species, controllable and if required low substrate temperature, acceptable 

deposition rate and basically a defect free nature of the deposited films [41]. Veerasamy et al. [41] reported in 

2003 on the use of a newly developed ion beam source for the deposition of very thin ta-C:H films onto glass 

substrates. The authors claimed excellent adhesion of the ta-C:H coatings on the glass substrates, caused by the 

initial effect of implantation of carbon into the glass surface, enabling the growth of a diffuse interfacial 

carbon-glass layer [41]. Therefore, such a source can in principle be used for surface modification as well as 

for DLC deposition. This source can work with discharge voltages from ~500 V to several thousands of Volts 

enabling mean ion energies of accelerated carbon species from ~100 to ~1000 eV. Ion implantation and film 

growth can be realized with one aggregate. Moreover, the ion beam source enables plasma cleaning by 

sputtering the contaminants, oxides and adsorbed hydrocarbons on the substrate surface. In this case, the ion 

beam source is operated with Ar and/or oxygen (O2) [41] as process gas. The work from Veerasamy et al. [41] 

is the only scientific article dealing with the direct deposition of DLC films using this special type of ion beam 

source. Zhurin et al. [42] have given a detailed review on the physics of closed drift ion beam sources - the 

synonym for ion beam sources. In general, the electric field, which accelerates the ions, is established by an 

electron current guided by a magnetic field [42]. The electrons in the magnetic field follow a closed drift path, 

which is eponymous for these devices. The anode layer thruster has its origin in the acceleration of electrons 

from the cathode to the anode, increasing the electron temperature, which results in a sharp decrease in plasma 

potential, so that the ion generation and acceleration take place in the form of a thin layer near the anode, 
 
- 3 - 



  

giving the source its name - anode layer source [42]. In thin film technology, anode layer sources are typically 

used for Ar or O2 plasma cleaning of substrates.  

The present work consequently investigates the structure of DLC films deposited by employing an anode layer 

source. Additionally, magnetron sputtering of carbon and silicon targets evaporated in Ar/acetylene (C2H2) 

process gas atmosphere is investigated. DLC films deposited by infrared PLD (IR-PLD; λ=1064 nm) and 

ultraviolet PLD (UV-PLD; λ=248 nm) are investigated further within the thesis. Consequently, Raman 

spectroscopy as the most important technique for the direct characterisation of the bonding structure of DLC 

films and related carbons [43-46] is a major part of the present thesis and will be used to provide the basic 

understanding of process parameters and their influence on the structure of the room-temperature deposited 

DLC films.  

Furthermore, as too weak adhesion, too high coating process temperatures and improper diamond-like carbon 

structure formation etc. on different types of substrates represent still major challenges in DLC coating 

technology, the present thesis investigates the applicability of the developed films on different substrates.  

Therefore, the aims of the present thesis are defined as follows: 

• Development of new process variants of PVD and ion beam deposition processes by employing an 

anode layer source ion beam process, pulsed laser deposition and reactive magnetron sputtering for 

the deposition of diamond-like carbon films well adherent on temperature sensitive substrates (coating 

temperature should be kept well below 100°C)  

• Identification of tailoring process parameters and subsequent process tuning in a fashion to obtain 

highly defect free films with unique properties on different kinds of substrates (silicon, glass, 

aluminium-alloys, fluorine-polymers, polymers, steels, ZnSe-crystals) 

• Investigation of the deposited films due to their structural, chemical, mechanical, surface and surface 

chemistry properties 

• Correlation of process parameters with film structure in order to achieve basic process understanding 

• Subsequent correlation of film structure with film properties (hydrogen barrier properties, surface 

topography, surface energy) in order to achieve a scientific basis for future studies 

• Provide scientific basis for Raman spectroscopy of carbon phases and enlighten the relation between 

Raman band parameters of DLC films and their mechanical properties  

Chapters 2 to 4 of the present thesis give a short overview of the types of DLC films, their structure and 

chemistry, deposition techniques as well as known applications, acting as the framework to the scientific 

publications found at the end of the thesis. The present thesis represents a cumulative work of own scientific 

papers. Where possible, selected examples of the own research are discussed in brief. Chapter 5 deals 

exclusively with Raman spectroscopy of carbon based films. Chapter 6 provides the summary and conclusions 

to the thesis.  
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SUMMARY AND CONCLUSIONS 

The process design and the investigation of the film structure and film properties of room-temperature 

deposited DLC films was the objective of the present thesis. Films within the structural systems of: a-C, 

a-C:H, ta-C, ta-C:H, polymeric a-C:H and Si-a-C:H were deposited at substrate temperatures of well below 

100°C. Via proper film deposition process tuning it was possible to tailor the structural, chemical, mechanical, 

tribological, surface topographical and surface chemical properties of these DLC films systems. The structure 

and elemental chemistry of the deposited films was investigated by Raman spectroscopy, XPS, ERDA and 

RBS. Hardness, elastic moduli, elasticity and the tribological behaviour of the films were studied by 

application of the nanoindentation and nanoscratch method. Surface topography and surface energy was 

determined by AFM and the sessile drop technique.  

In order to meet the objective of the thesis, the deposition methods infrared PLD (IR-PLD; λ=1064 nm), 

ultraviolet PLD (UV-PLD; λ=248 nm), ion beam deposition as well as reactive balanced and unbalanced 

magnetron sputtering of graphite and silicon were studied. It was found, that for high kinetic ion energy film 

deposition processes, i.e. UV-PLD and ion beam deposition, the structure and properties of the film varieties 

ta-C and ta-C:H can be controlled solely by the kinetic energy of carbon species involved during film growth. 

For deposition techniques being typically known for low ion energies like IR-PLD and magnetron sputtering, 

process tuning involves the study of bias voltages as well as sputtering gas/reactive gas flow optimisation. 

Process optimisation for high ion energy deposition techniques was done by adjustment of the discharge 

voltage applied to the ion beam source or by adjustment of the laser pulse fluence, both parameters found to be 

closely related to the effective ion energy for film growth. Within this regard it was found, that especially the 

angle of incidence of kinetic carbon species involved in film growth for the deposition of ta-C:H films has a 

crucial impact on the structural evolution of these films. Via investigation of glancing angle or acute angle 

deposition with the ion beam source, it was found, that angles of incidence lower than 90° favour an increased 

population of Csp3–Csp3 bonds in the film, when the ion energy is set typically higher than the ideal ion 

energy level for growth of tetrahedral, i.e. high Csp3 hybridised, carbon films. Therefore, under the deposition 

conditions of acute angles, the effective ion energy present on the growing film is significantly decreased. 

These finding further shows the difficulties that emerge when coating three dimensional shaped technical 

products, where the angle of incidence of kinetic carbon species bombarding the growing film is variable. For 

IR-PLD deposited and reactive magnetron sputtered DLC films, the process is almost singularly controlled via 

the reactive gas flow, i.e. the C2H2 or N2 concentration, in the process gas mixture. Here it was found, that 

during unbalanced magnetron sputtering of graphite or IR-PLD, the presence of N2 induces ordering in the 

a-C:N structure, i.e. graphitisation occurs. For balanced sputtering of graphite in the presence of high 

concentrations of C2H2, a favoured formation of Csp3–H1s bonds, i.e. polymerisation of the a-C:H structure, is 

noted. In contrast, the investigation of the structural evolution of Si-a-C:H films revealed an increased 

tendency of clustering of sp2 phases at elevated C2H2 concentrations in the chamber during reactive 

unbalanced RF magnetron sputtering of a silicon target. ERDA investigations revealed an increasing hydrogen 

content from 23 to 34 at.% when increasing the C2H2 concentration in the process gas mixture from 4 to 10 %.  
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The structural evolution of ion beam deposited ta-C:H films with varied discharge voltages, i.e. carbon ion 

energies, was of particular importance for the present thesis. Here, Raman spectra showed that an increased 

discharge voltage yields decreased structural disorder, i.e. a lower Csp3–Csp3 hybridised fraction of carbon 

atoms in the films. By elevating the discharge voltage from 1 to 3 kV, the FWHM (G) decreases from 

194±0.2 cm-1 to 183±0.7 cm-1, meaning that the formation of sp2 hybridised carbon atoms is favoured. Films 

deposited at the lowest discharge voltage show in accordance to the spectroscopic data the highest 

nanohardness (36±1 GPa), stress (-2.34±0.2 GPa) and reduced elastic modulus (180±4 GPa). During these 

studies it was recognised, that the connection between Raman band parameters and mechanical properties is of 

importance to understand the structural evolution in ta-C:H films. The study revealed, that mechanical 

properties relate to FWHM (G), being a measure of the Csp3-Csp3 bonding content, and Disp. (G), being a 

measure of the overall sp3 content in a-C:H films. The nanohardness and reduced elastic modulus increase 

almost linearly with increasing FWHM (G) and Disp. (G). Analysis of these observations resulted in a reliable 

answer for the distinct relations of Raman band parameters and the mechanical properties of the studied films. 

The reason for the distinct relations is the similar hydrogen content detected for all investigated films 

(22.2±1.2 at.%), allowing the Csp3–Csp3 bonding fraction emerging independently from Csp3–H1s bonds. In 

special cases, i.e. in the tetrahedral structural evolution regime, mechanical properties relate to Raman band 

parameters usually associated with the overall sp3 content (intensity ratio ID/IG and Disp. (G)), too. Structural 

evolution of ta-C:H films can be easily controlled via a plot of FWHM (G), measured at any excitation 

wavelength against the Disp. (G), representing a Raman band parameter associated to be proportional to the 

overall sp3 content (Csp3–Csp3 + Csp3–H1s bonds) in hydrogenated DLC films. If FWHM (G) increases with 

increasing Disp. (G) for a series of a-C:H films, the structural changes are reflected almost solely in variations 

in the sp3 hybridisation of carbon atoms. In particular, this holds for all studied films with hydrogen contents 

lower than ~25 at.%.  

The ta-C:H films, that are deposited with the ion beam source, show no macro-defects (droplets and/or 

particulates) and are ultra smooth as evidenced by RMS roughness of 0.1 nm. Due to the high hardness of 

these films as well as their excellent adhesion to many substrate materials and the possibility to achieve dense 

films even at low thicknesses, these films can be applied from the fields of data storage technology to gas 

barrier coatings or coating of artificial implants. The a-C:N films deposited by IR-PLD have been proven to 

excellently excel as electrodes in multi-reflection IR-ATR spectroelectrochemistry. The electrochemical 

activity of these a-C:N films was verified using the Ru(NH3)3+/2+ redox couple and demonstrated to be 

comparable with that of other conventional carbon-based electrodes. For applications where a tunable surface 

chemistry of the DLC films is mandatory, the deposited Si-a-C:H films would present a possible alternative to 

known films systems. Here it was found, that σs
P can be effectively tailored by variations in the C2H2 

concentration in the process gas during reactive RF unbalanced magnetron sputtering of Si.  

The developed process variants allow the deposition of films with unique properties, which can be effectively 

tailored by the deposition parameters. For ta-C:H and a-C:H films it was found, that the combination of 

multi-wavelengths Raman spectroscopy and ERDA/RBS is able to fully characterise the structure and 

chemistry of these film systems. Multi-wavelengths Raman spectroscopy is an excellent tool for both, process 

development and process control.  
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