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  I    

Abstract  

 

The present thesis focuses on carbon-based thin films prepared by high power impulse 
magnetron sputtering (HiPIMS) and direct current magnetron sputtering (DCMS). Carbon 
nitride (CNx: 0 < x < 0.20) as well as carbon fluoride (CFx: 0.04 < x < 0.35) thin films were 
synthesized in an industrial deposition chamber by reactive magnetron sputtering of graphite 
in Ne/N2, Ar/N2, Kr/N2, Ar/CF4, and Ar/C4F8 atmospheres. In order to increase the 
understanding of the deposition processes of C in the corresponding reactive gas mixture 
plasmas, ion mass spectroscopy was carried out. Additionally, a detailed evaluation of target 
current and target voltage waveforms was performed when graphite was sputtered in HiPIMS 
mode. First principle calculations targeting the growth of CFx thin films revealed most 
probable film-forming species as well as CFx film structure-defining defects. In order to set 
different process parameters into relation with thin film properties, the synthesized carbon-
based thin films were characterized with regards to their chemical composition, chemical 
bonding, and microstructure. A further aspect was the thin film characterization for possible 
applications. For this, mainly nanoindentation and contact angle measurements were 
performed. Theoretical calculations and the results from the characterization of the deposition 
processes were successfully related to the thin film properties.  

The reactive graphite/N2/inert gas HiPIMS discharge yielded high ion energies as well 
as elevated C+ and N+ abundances. Under such conditions, amorphous CNx thin films with 
hardnesses of up to 40 GPa were deposited. Elastic, fullerene like CNx thin films, on the other 
hand, were deposited at increased substrate temperatures in HiPIMS discharges exhibiting 
moderate to low ion energies. Here, a pulse assisted chemical sputtering at the target and the 
substrate was found to support the formation of a fullerene-like microstructure. 

CFx thin films with fluorine contents of 29 at% and more possess surface energies 
equivalent to super-hydrophobic materials, while such films are polymeric in nature 
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accounting for hardnesses below 1 GPa. Whereas, carbon-based films with fluorine contents 
ranging between 16 % and 26 % exhibit a graphitic character. For those films, the hardness 
increases with decreasing fluorine content, ranging between 16 GPa and 4 GPa Moreover 
high elastic recoveries of up to 98% were found for these thin films. The HiPIMS process in 
fluorine-containing atmosphere was found to be a powerful tool in order to change the 
surface properties of carbon-based thin films.    
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Populärvetenskaplig sammanfattning  

 

Tunna ytbeläggningar är av mycket stor vikt i vår vardag. Vårt dagliga liv skulle vara 
otänkbart utan dessa, detta på grund av att dessas tillämpningsområden är vidsträckta; det kan 
vara som dekoration och information på tryckt papper, tyg eller plast, eller för olika syften i 
optisk och elektronisk utrustning. Tunna ytbeläggningar förändrar ytegenskaper hos substraten, 
materialet ytbeläggningen applicerats på (t.ex. färg, reflektivitet, friktion, 
nötningsbeständighet, ytenergi etc.). I synnerhet skyddande beläggningar utnyttjar detta och 
begränsar korrosion eller nötning när extraordinär tålighet och pålitlighet hos delar och 
verktyg eftersträvas. I syfte att utveckla pålitliga, tribologiska och nötningståliga beläggningar 
så väl som dess framtida funktionalisering, är det nödvändigt att skapa största möjliga 
förståelse av beläggningsprocessen och de resulterande beläggningarna för att uppnå en god 
överblick över materialet. Ett steg i utvecklingen av funktionella kolbaserade 
skyddsbeläggningar presenteras i denna avhandling. Dessa omfattar en välbalanserad 
kombination egenskaper hos tribologiska ytbeläggningar. 

 Högintensitetsimpulsmagnetronsputtring (HiPIMS) och likspännd magnetronsputtring 
(DCMS) användes för att tillverka dessa kolbaserade ytbeläggningar. Båda metoderna är 
varianter av magnetronsputtring som är en av de vanligaste metoderna för att skapa tunna 
ytbeläggningar. Magnetronsputtring är baserad på en fysikalisk process där materialet som 
bygger upp beläggningen slås ut från sputterkällan för att utgöra en del av det aktiva plasmat 
och slutligen avsätts på substratet. 

I denna avhandling syntetiserades så väl kolnitrid- (CNx: 0 < x < 0.20) som kolfluorid- 
(CFx: 0.04 < x < 0.35) beläggningar i en industriell depositionskammare där grafit sputtrades i 
en atmosfär av Ne/N2, Ar/N2, Kr/N2, Ar/CF4 eller Ar/C4F8. I syfte att utöka förståelsen för 
koldepositionsprocessen i dessa reaktiva gasblandningar utfördes jonmassspektroskopi-
mätningar. Katjonmassspektroskopi ger information om vilka joner som existerar i plasman, 
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deras kinetiska energi och om den utförs tidsupplöst ger den även information om plasmans 
tidsutveckling. En detaljerad utvärdering av sputterkällanströmmen- och sputterkällan-
spänningsvågformer utfördes när grafit sputtrades i HiPIMS-läge, därigenom skapades insikt i 
jonisationsprocessen vid källan. Teoretiska beräkningar av tillväxten av CFx ger den mest 
sannolika typen av molekyler som bygger upp beläggningen såväl som defekter, vilka 
introduceras till kolmatrisen om kol byts mot fluor. För att sätta de olika depostitions-
processparametrarna i relation till beläggningarnas egenskaper bestämdes den kemiska 
samansättningen med elastisk rekyldetekteringsanalys, deras kemiska bindningar med 
röntgenfotoelektronspektroskopi och mikrostrukturen med transmissions-elektronmikroskopi i 
kombination med diffraktionsanalys. Ytterligare en aspekt var att utvärdera ytbeläggningarnas 
möjliga tillämpningar. Detta utfördes med främst med nanoindentering och kontakt-
vinkelmätningar. Nanoindentring utfördes för att bestämma ythårdhet och elasticitet medans 
kontaktvinkelmätningar gav kvalitativ bestämning av ytenergi och vätbarhet. Teoretiska 
beräkningar relaterades framgångsrikt till beläggningarnas uppmätta egenskaper. 

Den reaktiva grafit/N2/inert gas HiPIMS urladdningen gav höga jonenergier så väl som 
förhöjda mängder av C+ och N+. Under dessa förhållanden skapades amorfa CNx-beläggningar 
med hårdhet upp till 40 GPa. Elastiska, fulleren-lika CNx-beläggningar å andra sidan skapades 
med förhöjd temperatur hos substratet vid HiPIMS-urladdningar med medelhöga till låga 
jonenergier. När CNx sputtrades i HiPIMS-läge en kemisk sputtring understödd av pulserna vid 
sputterkällan och substratet skapade en fulleren-lik mikrostruktur.  

CFx beläggningar med mer än 29 at% fluorinnehåll befanns ha ytenergier ekvivalenta 
med superhydrofoba material och vidare de har en polymerlik karaktär vilket förklarar hårdhet 
under 1 GPa. Medan en grafitisk karaktär av beläggningar observerades för fluorkoncentration 
mellan 16 at% och 26 at%. För dessa beläggningar observerades en ökande hårdhet mellan 
16 GPa och 4 GPa, och vidare en maximal elastisks återhämtning på upp till 98 %. HiPIMS-
processen i fluoratmosfär fanns vara ett kraftfullt verktyg för att förändra ytegenskaper hos 
kolbaserade ytbeläggningar. 
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Preface 

 

This thesis comprises the results of my studies on carbon-based thin films, conducted 
between the years 2009 and 2013 in the Thin Film Physics Group, at the Department of 
Physics, Chemistry and Biology (IFM) at Linköping University. My studies build mainly on 
research arisen from the discovery of fullerene-like carbon nitride films in 1995 by Hans 
Sjöström at Linköping University and the numerous publications that have been published 
worldwide in this field ever since.  

The motivation to conduct more studies on carbon-based films originates from the 
recent emergence of high power impulse magnetron sputtering, and from the need for highly 
functionalized materials, especially in the area of tribological and wear resistant coatings. In 
this context, carbon-based compounds are further explored by the synthesis and 
characterization of carbon fluoride thin films.  

In quest for a deeper understanding on the synthesis and properties of carbon-based 
thin films prepared by high power impulse magnetron sputtering and with the aim to set, both, 
the deposition parameters and the film properties into relation, this work contains descriptions, 
results and discussions regarding the thin film preparation, characterization and theoretical 
calculations. Extensive parts of this work have already been published in the appended 
publications [3, 6-8] as well as in my Licentiate thesis, issued in March 2012 [9].   

 

 

 

Susann Schmidt,  

Linköping, April 2013 
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1 Introduction 

 

“Element six is unique in the bewildering range of its properties.”  
Mick Brown, 2002  

 
 

Thin films are everywhere. Thin films make life colorful and easy. Thin films are 
important. They may even decide about life or death. Our daily life, as it is, would be 
unimaginable without them, this is because their application range is huge; whether they 
fulfill decorative and informative tasks as prints on paper, fabric and plastic, or employed in 
optical and electronic devices. Naturally, thin films change the surface properties of their 
substrates, the bulk material (e.g., color, reflectivity, friction, wear, surface energy etc.). 
Especially, protective coatings utilize this and contain, e.g., corrosion or wear whenever 
extraordinary endurance and reliability of parts and tools are required. In order to develop 
reliable, tribological and wear-resistant coatings as well as their further functionalization, it is 
necessary to understand as much about the deposition process and the resulting thin film as it 
needs to form a comprehensive image about the material. A step further in the development 
of functional, protective coatings is presented in this thesis for carbon-based thin films.  

 

1.1 Aims of this Work  

 An improved understanding on the “bewildering range of properties” for carbon and 
carbon based thin films in context with their synthesis method – HiPIMS (high power impulse 
magnetron sputtering) is the primary objective. This comprises not only the characterization of 
plasma and discharge parameters for the processes in reactive atmosphere (Ne/N2, Ar/N2, 
Kr/N2, Ar/CF4, and Ar/C4F8), but also the characterization of the synthesized thin films. Ideally, 
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their properties such as chemical composition, bonding, and microstructure as well as 
contaminants can be related to specific HiPIMS process conditions.  

In order to comprehend essential or distinct features, particularly with regards to the 
CFx synthesis process as well as CFx film properties, first principle studies - carried out by 
Cecilia Goyenola and Gueorgui K. Gueorguiev - are of enormous assistance. Structural defects 
within the graphene-like network arising from the incorporation of F and the relative stability 
of precursor species were established by density functional theory (DFT) calculations involving 
geometry optimizations and cohesive energy calculations.  

To take a further step into the direction of the development of functional thin films, 
capable to stand requirements of industry and consumer is another objective of this work. 
Thus, the prepared thin films were tested considering their possible application as wear-
resistant coatings.  

 

1.2 Outline  

The subsequent introduction into the field comprises a short review on the 
developments for carbon and carbon-based thin films (chapter 1.3). The thin film syntheses by 
DCMS and HiPIMS along with the deposition process characterization are addressed in 
chapter 2. Chapter 3 focuses on the applied methods for the thin film characterization. In 
chapters 2 and 3 not only the employed materials and methods are described; it is rather 
intended to discuss them in context of CNx and/or CFx thin films. Each of the two chapters 
concludes with a short summary on experimental details, relevant for this thesis. The method 
but also the results from theoretical calculations for the synthesis of CFx are considered in 
chapter 4. The summary of the results drawn from studies regarding CNx and CFx thin films 
along with the contributions to the filed is presented in chapter 5.  

A full account on experimental details as well as most of the results, the discussions 
of such, and the conclusions are presented in PAPERS I-VI. Whereas, PAPERS I-III are 
publications covering the studies related to CFx. PAPERS III-VI comprise studies with regards to 
the synthesis of CNx thin films and its implications on the thin film properties.  

 

1.3 Carbon and Carbon-Based Materials 

1.3.1 Amorphous Carbon Thin Films  

In fact, research on carbon films can be traced back to the beginnings of the last 
century;  in 1911 von Bolten reported on the deposition of diamond-like polycrystalline 
carbon [10]. Whereas, the growth and properties of amorphous carbon (a-C) thin films have 
been investigated and confined since the beginning of the 1970’s. Back then, Aisenberg and 
Chabot reported about the properties of a-C thin films prepared by ion beam deposition (IBD) 
that resembled the properties of diamond rather than graphite [11]. Due to this, the 
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expression “diamond-like carbon” (DLC) was created. The term DLC comprises many sub-
forms of amorphous carbon materials. Among them graphitic carbon or glassy carbon, 
polymer-like carbon, and tetrahedral amorphous carbon (ta-C) can be found, as pictured in 
figure 1. The terminology of DLC materials is based on the amount of hydrogen residing in 
the carbon matrix as well as C bond in sp2 or sp3 hybridized states (cf. figure 1). C bond in a 
sp2 configuration may always be present to a certain extent in this material class, but the 
content of C bond in sp3 manner is limited and a maximum amount of 90 % was found in ta-
C. The complexity of this area is mirrored in several review articles published, for example, by 
Lifshitz and Robertson [12-17] 

In the past, a-C films have been prepared by numerous deposition techniques among 
them are PECVD (plasma enhanced chemical vapour deposition) [18], DCMS (direct current 
magnetron sputtering) [19], r.f.-MS (radio frequency magnetron sputtering) [20], laser 
ablation [12, 13] as well as filtered cathodic arc deposition [18, 21]. DLC coatings were 
reported to exhibit a superior wear resistance, hardness, chemical inertness [14, 17, 22, 23] 
and biocompatibility [24] as well as electrical insulation and infrared transparency [25]. 
Consequently, a-C coatings found their way into industry for instances as wear resistant 
protective layers [26] and optical coatings for infrared and visible ranges [25]. Such properties 
might also show potential in VLSI (very large scale integration), medical implants [24] as well 
as applications in green technology.  

The properties of DLC materials are 
determined and controlled by the deposition 
parameters. Here, the energy of the film-
forming species during synthesis plays the 
major role. Lifshitz et al. [27] described the 
formation of C bond in sp3 configuration by 
a local densification and subsequent 
relaxation of the C network during ion 
bombardment with considerable energies 
between 30 eV - 100 eV [28-30] 1 , 
accounting for the DLC-specific high 
hardnesses up to 65 GPa [16, 28, 31]. Such 
deposition conditions are met for example by 
magnetron sputtering, arc deposition, or ion-
beam deposition. In this context, HiPIMS 

offers benefits as it generates an increased amount and energy of ionized the target material. 
This is ascribed to a high temporal electron density in the HiPIMS-plasma. Although carbon 
has a comparatively high ionization potential (IPC = 11.26 eV) and a low sputter yield (0.197 
atoms/ion in Ar with 500 eV for the C/Ar discharge) that leads to low ionized flux fractions 
(of 4.5 % [32]) in HiPIMS mode, the amount and energy of C+ for the carbon discharge in 

                                                 
 
1 
Also known as sub-plantation model. 

Figure 1: Ternary phase diagram according to 
Robertson [1] of different diamond-like 
carbon types.  



 
 

CHAPTER 1:  INTRODUCTION  
 
 

4 

HiPIMS mode [6] (PAPER IV) was elevated compared to discharges in DCMS. An increased 
amount of C bond in sp3 configuration of up to 50 % was demonstrated in a study by 
Sarakinos et al. comparing DLC films deposited by HiPIMS and DCMS [33]. The introduction 
of Ne to the C HiPIMS process was reported to increase the electron temperature leading an 
increased C+ energy and flux. Thus an enhanced level of sp3 hybridized C in these thin films is 
estimated [34], which should result in an elevated hardness. 

 

1.3.2 Carbon Compound Thin Films  

The motivation to introduce nitrogen into the carbon matrix was given in publications 
by Liu and Cohen [35, 36] predicting β-C3N4 – a material exhibiting a bulk modulus of 427 
GPa, close to that of diamond (443 GPa, [37]). The structure of β-C3N4 was calculated to be at 
least metastable, comprising a hexagonal unit cell consisting of six carbon and eight nitrogen 
atoms. Thereafter, enormous efforts were taken to synthesize this super hard material by 
exploring various deposition methods [38] ranging from cathodic arc deposition [39-41], 
DCMS [42-44] to IBD [45] and laser ablation [41, 46, 47] as well as several forms of CVD 
(chemical vapour deposition) [48-50]. Although, a number of publications claim a successful 
deposition of β-C3N4, sufficient proof in favour for this super hard crystalline CN-phase has 
not yet been presented. So far, all attempts to synthesize β-C3N4 resulted in mainly 
amorphous or short range ordered CN-allotropes, for nitrogen is likewise able to adopt 
numerous bonding structures. Thus, the CNx-compound material family comprises yet again 
several allotropes, depending on how the carbon network is arranged. Among them graphite-
like, fullerene-like (FL) and DLC-like modifications of CNx can be found [4, 40, 51]. Naturally, 
upon nitrogen incorporation the microstructure and the chemical bonding structure of the 

Figure 2: Structure zone diagrams as developed by Neidhardt et al.; microstructures and properties are 
brought into context with DCMS deposition conditions of CNx films (reprinted with permission [4]).  
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carbon matrix is modified [40, 52-54] implying further changes with regards to the film 
properties. 

  After the discovery of FL-CNx at Linköpings University in 1995 by Sjöström et al. [55],  
the area of CNx thin films was explored by Hellgren et al. [51, 56] and Neidhardt et al. [2, 4]. 
Hellgren and Neidhardt were able to tailor the CNx film properties grown by DCMS through 
their microstructure, showing high to moderate hardnesses (H) between 15 GPa and 6 GPa for 
amorphous DLC-like and FL-CNx films, respectively. Additionally, reduced wear and friction 
similar to those of DLC films were demonstrated [4, 57]. Neidhardt et al. developed the 
structure zone diagram (figure 2, [5]) so that important deposition parameters for the 
synthesis of CNx-compounds ranging from graphite-like over fullerene-like to DLC-like CNx-
compounds are defined and illustrated. According to this, the substrate temperature (TS), the 
degree of ion-bombardment, and the nitrogen-to-argon flow ratio2 (fN2/Ar) are most important 
DCMS growth parameters in order to tailor the CNx thin film microstructure and thus 
properties (cf. figure 2).  

From a materials research and 
technological point of view, particularly FL-
CNx (0 < x < 0.3) is of interest. FL-CNx thin 
films possess such a high resiliency that the 
appropriate term “super hard rubber” [57] 
was created. The remarkable combination of 
elasticity and hardness, thus the low 
tendency to deform plastically, are attributed 
to its distinct fingerprint-looking 
microstructure (cf. figure 3). While the 
deformation energy is mainly stored 
elastically due to the bending of the sheets, 
the high strength originates from crosslinks 
between the graphene sheets preventing 
them from slipping [58]. The structural 
evolution of FL-CNx was first described 
theoretically by Gueorguiev et al. [59]; the 
incorporation of N into the carbon matrix 

provokes the formation of geometric defects, such as pentagons and additionally, sp3-
hybridized C, within the sp2-coordinated graphene sheets. This in turn causes bending and 
cross linking of the graphene sheets.  

From an experimental point of view, the key-parameters for the synthesis of FL-CNx, 
were defined by Neidhardt et al. [2] It requires moderate-to-low particle energies, substrate 
temperatures above 300 °C as well as low N2/Ar flow ratios. The mechanism behind the 

                                                 
 
2 The N2- to - Ar flow ratio (fN2/Ar) is defined as: fN2/Ar = fN2/(fN2 + fAr), whereas, fN2 and fAr represents the 
flow of N2 and Ar, respectively 

Plan-view 5 nm  Plan-view 5 nm  

Figure 3: Plan-view high resolution transmission 
micrograph as obtained by Neidhardt et al. [2] 
exemplifying a highly developed FL-microstructure 
of a CNx thin film deposited by DCMS.  
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structural evolution of FL-CNx at the substrate surface - chemical sputtering - is based on the 
dynamic adsorption and desorption of CxNy/Nx plasma species and was first reported by 
Hellgren et al. [60]. Roth et al. describes the general process of chemical sputtering in 
reference [61], developing a detailed kinetic model for atomic hydrogen with pyrolytic 
graphite. Jacob et al. [62] and Schlüter et al. [63] extended this model to interactions of 
atomic nitrogen with a graphite surface. According to them, chemical sputtering can be 
pictured as a multi-step process leading to the formation of volatile species such as CN, CHN, 
and C2N2.  

Carbon based compounds and their properties were further explored by the 
incorporation of phosphorous instead of nitrogen. Furlan et al. [64] reported the synthesis of 
CPx (0.025 < x <0.1) by DCMS and showed even higher hardness values (up to 24 GPa) for 
CP0.1 films than it was reported for FL-CNx. However, the fullerene likeness was not as 
pronounced in those thin films, which is consequently mirrored in a lowered elastic recovery 
(ER) of up to 72 %. Continuing the work on carbon based thin films produced by magnetron 
sputtering, we recently published a comparative study concerning the synthesis of CNx by 
HiPIMS and DCMS (PAPER IV), were it was established that chemical sputtering is not only 
taking place at substrate but also at the target. In order to understand the HiPIMS synthesis of 
CNx thin films in detail, the influence of different inert gases was addressed in PAPER V. 
Moreover, the C compound family was further explored by first-principles studies on the 
formation of fluorine-containing carbon compounds [8] (PAPER II), their synthesis by high 
power pulsed magnetron sputtering (HiPIMS) and the characterization of CFx (0.16 < x < 0.36) 
thin films [3] (PAPER I). Here, hardness values up to 16 GPa and an elasticity comparable to 
FL-CNx, were shown for CF0.16 thin films, although the microstructure was found to be 
amorphous for those thin films.  
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2 Thin Film Deposition and Process Characterization 

 

The following chapter is intended to give an introduction to magnetron sputtering, 
particularly to HiPIMS, and its process characterization. Topics that can be linked to or are of 
concern for CNx and/or CFx materials are exemplified and discussed in their context. Finally, 

the experimental details for the film deposition and process characterization of the here 
presented studies are given.     

 

Physical vapor deposition (PVD) especially, magnetron sputtering is widely used in 
coating industry, consequently the processes for common sputter materials are well 
characterized and understood. The reason for the extensive industrial usage lies in the 
simplicity and flexibility of the different PVD forms. Compared to other highly developed 
deposition techniques as for example ALD (atomic layer deposition), PVD is fairly inexpensive, 
although these processes require likewise ultra high to high vacuum (UHV, HV < 3 ⋅ 10-7 Pa 
up to ≈1 Pa) conditions. Such conditions provide high quality films exhibiting low levels of 
contamination and increased deposition rates (Rd). In contrast to established deposition 
techniques, younger PVD sub-techniques like cathodic arc deposition and HiPIMS are recently 
found in research laboratories, since effects of the increased amount of ionized sputtered 
material on the target condition, plasma parameters, and film properties are not yet fully 
understood. Additionally, the interest to produce thin films with even further tailored 
functional properties triggers the exploration of materials by ionized physical vapor deposition 
(IPVD).   
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2.1 Thin Film Deposition by Magnetron Sputtering 

Sputtering (figure 4) is the removal of surface target atoms by momentum transfer of 
energetic plasma species. The target contains the base material to be deposited and is 
mounted to a cathode. The cathode can be powered in different forms; while DCMS utilizes 
direct current, HiPIMS applies short, but high voltage pulses. The grounded chamber walls as 
well as the substrate table3  act as anode. Thus, a potential difference is created between 
cathode and anode. Additionally, a working gas 4  is introduced to the vacuum chamber 
maintaining a suitable process pressure usually between 100 mPa and 10 Pa in order to ignite 
and sustain the discharge (as described by Paschen’s law). Free electrons from e.g. ionizing 
background radiation are accelerated towards the anode and eventually collide and ionize 
working gas atoms. An ionization cascade process is evolving and thereby a glow discharge - 
the plasma - is formed.  

The negative potential of the cathode, in turn, forces existing positive ions towards 
the target surface. Thus, providing the mentioned energetic bombardment, that is the base for 
a number of processes on going at the target such as the sputtering of target atoms, ion 
implantation, and the creation of secondary electrons as well as reflected neutrals. The applied 

                                                 
 
3 In order to provide reproducible processes usually a negative bias voltage, exceeding the floating 
potential, is applied to the substrate table.   
4 Referring to working gas implies the usage of a noble gas in order to ignite and sustain the discharge. 
Most commonly Ar is applied, but Kr as well as Ne are conceivable.. 

Figure 4: Schematic overview of the sputter process (schematic 
from [5], altered). 



 
 

CHAPTER 2:  THIN F I LM DEPOSITION AND PROCESS CHARACTERIZATION 
 
 

 9 

target voltage sustains the discharge, implying that the ion current is proportional to the ion 
flux from target. 

 In order to increase the amount of ions in the plasma, magnetron sputtering utilizes 
magnetic fields close to the target surface where the generated electrons are trapped and 
circle according to the magnetic field lines. This provides a higher collision probability of 
electrons and plasma species, and thus increases the degree of ionization, which results in a 
higher plasma density and reduced process pressures compared to, e.g., diode sputtering, can 
be used. In unbalanced magnetrons the magnetic field is organized so that an extended, dense 
plasma plume away from the surface of the target towards the substrate is created. The 
magnetic field as well as the magnetic field strength can be arranged according to the purpose 
of the PVD-process, for example a lowered ion bombardment or substrate heating due to 
electrons can be achieved, influencing the thin film morphology.  

Another, more common approach to modify the film morphology and thus the 
properties of the film is accessible through the substrate bias voltage (Ub). The negative bias 
voltage forces plasma cations towards the substrate. Therefore, in applying a suitable Ub the 
energy of the arriving particles can be controlled to certain extent. The higher the negative 
bias voltage; the more energy is transferred to the substrate by the positively charged ions. 
The process range includes the application of a low -Ub just below floating potential5 down to 
a highly -Ub. The sputter process can be tailored in that way and results with increasing 
negative bias voltage in a densification of the thin films and further increase of -Ub yields in a 
so-called sputter etch/sputter clean. In this case, the positively charged ions possess so much 
energy (> 500 eV) that native oxide on the substrate or other interlayer carrying potential 
contamination are sputtered off. Sputter cleaning may be applied as a pre-treatment before 
the actual sputter deposition takes place aiming for a virgin substrate surface. Figure 5 shows 
the effects of different -Ub ranging from -25 V (just below floating potential) to – 200 V on 
the morphology, and microstructure of CNx thin films, grown by HiPIMS at room temperature 
(RT) and at Ts = 430 °C (HT). In the given examples the microstructure of the CNx thin films 
ranges from amorphous to FL as -Ub is increased. Here, the higher ion energy (at -200 < Ub < 
-100 V) contributes to the adatom mobility and thus to the evolution of a pronounced FL 
microstructure.  

                                                 
 
5 The floating potential represents the potential when equal fluxes of positive and negative charge 
carriers are obtained at an electrical floating surface  
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Figure 5: Effect of different bias voltages ranging from -25 V (just below floating potential) to – 200 
V on the morphology and microstructure of CNx thin films deposited by HiPIMS at RT and 430 °C. 
The figure comprises from left to right; cross sectional scanning electron micrographs for CNx thin 
films deposited at RT and 430 °C showing the morphology of the thin films, further a cross sectional 
transmission electron micrograph for the CNx thin film deposited at 430 °C with the corresponding 
SAED pattern, indicating the microstructural evolution of the CNx thin film. With increasing negative 
bias voltage and substrate temperature the thin films show an increased fullerene-likeness, but also an 
inhomogeneous morphology, whereas films deposited at RT appear amorphous, and increasingly 
dense as well as homogenous with increasing negative bias voltage.  
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2.2 High Power Impulse Magnetron Sputtering 

HiPIMS (sometimes also referred to high power pulsed magnetron sputtering, HPPMS) 
was developed and first described in 1999 by Kouznetsov et al. [65]. This technique is based 
on conventional DCMS, therefore DCMS often is taken as reference and both related 
deposition modes are frequently compared. Due to the operation of the sputtered target with 
short (∼100 µs) high power density pulses (in the range of 1 kW/cm2 to 3 kW/cm2), dense and 
highly-ionized plasmas were reported for commonly sputtered metals [65-68]. 

Typical HiPIMS process settings are: frequencies in the range between 10 Hz to 1000 
Hz, pulse durations of 5 µs to 200 µs, and target voltages can be found between 500 V and 
1000 V with peak current densities up to 10 A/cm2. Due to the low duty cycles6, this sputter 
technique provides simultaneously an (low) average power comparable to DCMS, thus 
securing an effective cooling of the target and an increased ion flux to the substrate. The 
increased ion flux in HiPIMS can be attributed to three orders of magnitude higher plasma 
densities compared to DCMS, due to an enhanced probability of electron impact ionization. 
This, in turn, results in a significantly reduced ionization mean free path of approximately 1 
cm in contrast to 50 cm for DCMS originating from an increased discharge voltage and 
current leading to an amplified number of charged species [65, 69-71].  

During the last decade numerous publications were issued dealing with film properties 
as well as with the plasma physics of HiPIMS processes for commonly sputtered materials like 
Ti, Cr, Al, and Cu in metallic and reactive mode [72-76]. The high degree of plasma 
ionization was reported to create denser films attributed to an increased surface mobility of 
the adatoms arriving at the substrate. HiPIMS films were found to exhibit in many cases a 
changed morphology compared to films sputtered under comparable DCMS or cathodic arc 
conditions [77-81]. One particular example is the work on CrN thin films grown by the 
reactive HiPIMS of Cr in an Ar/N2 atmosphere, studied among others by Ehiasarian et al. [77, 
78], Alami et al. [79] and Greczynski et al. [80, 81]. The authors reported a changed 
morphology towards dense, featureless films exhibiting superior hardness and wear properties. 
Additionally, HiPIMS substrate sputter-clean scenarios with bias voltages of up to – 600 V 
were proposed [82]. Another advantage of HiPIMS is related to reactive sputtering (cf. chapter 
2.4) the target poisoning7 was found to be reduced for reactive HiPIMS [83]. This effect is 
usually observed for metals sputtered in reactive DCMS mode [84-86] Thus, the process 
controllability for reactive HiPIMS is enhanced.   

                                                 
 
6 The duty factor/duty cycle relates the “pulse on” time to the cycle time.  

7 Target poisoning is typically characterized by a sudden change in total pressure or discharge voltage 
as soon as sufficient reactive gas is added to the sputter process. The reactive gas flow-to-total pressure 
hysteresis is a common part of the sputter process characterization and tuning since the deposition rate 
drops at a high reactive gas pressure. Target poisoning is also referred to as compound mode or 
poisoned mode as a compound material forms at the target surface.   
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As the HiPIMS process of common 
sputter materials (Ti, Cr, Al, and Cu) in 
metallic and reactive mode is rather well 
illustrated some problematic effects were 
described and arouse awareness [49, 50]; For 
instance the 25 % to 35 % lowered Rd when 
HiPIMS is compared to DCMS (at the same 
average target power, Pav). This might 
become challenging and may prevent the 
industrial large scale use of HiPIMS. During 
the last years, the issue concerning low Rds 
was found among the most discussed topics 
in HiPIMS research. Reasons, such as back-
attracted metal ions [87], the plasma 
conductivity [88], the magnetic confinement 
of the sputtered species [89] or a non-linear 
energetic dependence of the sputter yield to 

the Rd [90] can be mentioned briefly and are summarized by Anders [91]. However, this is not 
regarded to be a concern for a-C thin films, since lower HiPIMS Rd were not observed as 
shown in figure 6. Here, Rds for a-C thin films deposited during HiPIMS and DCMS at TS = 
110 °C and 430 °C are presented.  

Another concern is the abundance of doubly charged positive metal ions. In case bias 
voltage is applied, their increased kinetic energy leads to the creation of the residual defects 
giving rise to high compressive stresses [74]. In carbon discharges employing Ar or even Kr as 
inert gases, the creation of C++ is hardly a concern as shown in figure 7, since the second 

ionization potential of C is rather high (IPC++ 
= 24.4 eV). Therefore, an elevated amount 
of C++ may only be found as graphite is 
sputtered in Ne. This is due to the 
comparatively high ionization potential (IPNe 
= 21.56) of Ne, which adds to the plasma 
electron temperature and implicates an 
increased mean electron energy which can 
contribute to the ionization, thus the 
probability to create C++ is increased. Figure 
7 shows the total abundance of cation fluxes 
recorded for graphite discharges in Ne, Ar, 
or Kr. Here, it can be seen that substantial 
amounts of C++ are only recorded for the 
HiPIMS C discharge in Ne.      

Figure 6: Rds as obtained from cross sectional 
scanning electron microscopy for a-C thin films 
sputtered in HiPIMS (open squares) and DCMS 
(filled circles) modes from a pure graphite target 
applying the same Pav in Ar atmosphere at TS  = 
110 °C and 430 °C    

Figure 7: Ion flux of C+, C++, and the 
corresponding inert gas cation species recorded for 
C HiPIMS discharges in Ne, Ar, and Kr  
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DeKoven et al. reported the ionized carbon flux fraction to be as low as 4.5 %8 [32] 
when graphite is sputtered in HiPIMS mode, leading to low discharge currents. The low 
ionized flux fraction of carbon can be ascribed to the comparatively high ionization potential 
(IPC = 11.26 eV), and a low sputter yield (0.197 atoms/ion in Ar with 500 eV for the C/Ar 
discharge). Additionally, graphite exhibits a low conductivity. These material characteristics 
might pose certain challenges while sputtering graphite; since the average as well as peak 
power applied to the target are limited, a small process window and low deposition rates can 
be anticipated. Thus, it is questionable, whether the C sputter processes benefit from above 
mentioned advantaged connected to HiPIMS processing. Only few reports deal with HiPIMS 
employing a graphite target. Hecimovic et al. presented first IEDFs (ion energy distribution 
functions) measured for C sputtered in Ar atmosphere in context with data obtained from Cr 
and Ti [92]. Another comparative study by Hecimovic et al. [73] shows the temporal evolution 
of ion fluxes obtained during the HiPIMS discharge of Ti, Al, Cu, Cr, Nb, and C in Ar. 
However, extensive investigations on the plasma chemistry as well as on the properties of the 
resulting thin films when graphite is sputtered in metallic or reactive HiPIMS modes are still 
lacking.  

 

2.3 Magnetron Sputtering in Different Inert Gases   

In this work, different inert gases were used in order to understand the growth and 
properties of CNx materials further. Sputtering in different inert gas atmospheres (i.e. Ne, Ar, 
Kr) affects plasma and process parameters generally because of their differences in collision 
cross sections, momentum transfer, and ionization/excitation energies. Particularly, differences 
in sputter yield, electron-impact ionization cross sections, ionization potential of the inert gas 
(IPinert gas), as well as metastable excitation energies are of interest (table 1). These features 
influence the extent of plasma ionization and the ionization paths. In magnetron sputtering 
electron impact ionization9 and Penning ionization10 can be regarded as the main ionization 
mechanisms. In summary, the factors that influence the over-all amount and energy of 
charged sputtered species, and thus also the process characteristics are;  

(i) The sputter yield; as more particles are sputtered, the probability for ionization and 
secondary electron emission is enhanced. The sputter yield of carbon increases for the 
used noble gases in the sequence Kr, Ar, Ne (table 1).  

(ii) The first ionization potential of the inert gas; an increased Iinert gas implies elevated 
electron temperatures and thus, an increased mean electron energy contributing to 

                                                 
 
8 Compared to ionized flux fractions for i.e. Cu of 70 %, reported by Kouznetsov et al. [65]  
9 Electron impact ionization, where an electron removes an electron from an atom, is considered to be 
the major ionization mechanism in a glow discharge. 
10 Penning ionization is the ionization of a neutral due to a metastable inert gas atom, provided that the 
excitation energy of the metastable atom is higher than the ionization energy of the neutral.   
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ionization [93, 94]. Therefore, the amount and the energy of ions in the plasma are 
affected as well. Iinert gas increases with decreasing inert gas atomic number (table 1). 

(iii) The total ionization cross section for electron energies below 50 eV increase in the 
sequence Ne, Ar, and Kr, (table 1) [95]. Here, it should be taken into account that 
ionization cross sections differ with electron energies, they in turn vary for processes 
in different atmospheres. Electron energies should increase considerably with 
decreasing atomic number of the inert gas. Thus, comparisons of an influenced 
ionization due to differences in ionization cross sections may not be as straight 
forward.      

(iv) The excitation energies of the metastable energy levels for the three inert gases 
increase with decreasing inert gas atomic number (table 1, [96]), whereas the 
excitation energies for Ar (11.55 eV and 11.72 eV) are just above the first ionization 
potential of C (IPC =11.26 eV). Therefore, it is reasonable to conclude that Penning 
excitation and ionization occurs only as the graphite target is sputtered in Ar and Ne 
atmosphere. The influence of Penning ionization on the process parameters should be 
more pronounced in case Ne is used.   

(v) The secondary electron emission yield (γSE) should be considered as well; as it merely 
depends on IPinert gas in the case the graphite target is sputtered in metallic mode.  

In order to estimate γSE, the empirical equation (1) [97]  

( )φIP.. 27800320 gas processSE −=γ          (1)  

is valid for HiPIMS processes where particle energies are below 100 eV. In equation 1, IPProcess 

gas represents the ionization potential of the impinging particles (process gas) on the target 
surface and φ the work function of the 
target material. The calculated γSE for the 
C/Ne discharge is three times higher 
compared to the C/Ar discharge. In case the 
graphite target is sputtered in Kr, γSE yielded 
30 % of the value for the C/Ar discharge.  

Different inert gases determine also 
the way secondary electrons are created [98] 
with respect to relative contributions from 
inert gas ions, recoils, and electrons. In the 
case when graphite is sputtered in Ne, 
electrons and ions contribute to the electron 
yield to approximately equal parts of ≈40 % 
and ≈60 %, respectively. If Kr is used as 
inert gas, contributions to the electron yield 
of ions dominate (≈80 %), recoiled atoms 
play an increased role (≈10 %) and, in this 

Figure 8: Target current waveforms for HiPIMS 
discharges comparing different inert gases; Ne (Pav

= 1800 W, black thin line) and the corresponding 
Ar process (Pav = 1800 W, grey thin line) as well 
as Kr (Pav = 1400 W, black bold line) with 
corresponding Ar process (Pav = 1400 W, grey 
bold line).  
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case, a lower contribution for electrons (≈10 %) was calculated [98].  

The impact of different inert gases on the HiPIMS sputter process characteristics is 
best exemplified with current waveforms (figure 8, PAPER V), since the discharge current (I) 
comprises the ion current to the target (Ii) and the secondary electron current from the target 
as expressed in equation (2) [97]. 

iSESEi )1( IIII γ+=+=         (2) 

 Thus, an increased peak target current (Î) indicates in a first approximation elevated 
amounts of charged species that form in the vicinity of the target as different noble gases are 
used. The current and voltage waveforms in figure 8 are presented for the process in pure Ne 
(cf. black thin line), carried out at an Pav = 1800 W, and the process in pure Kr (cf. black bold 
line) at Pav = 1400 W. As reference for both power settings, the corresponding I(t) 
characteristics of equivalent processes (the same frequency, pressure, process temperature and 
pulse duration) employing Ar are additionally included in figure 8. It can be seen that Î of the 
discharges differ to a great extent, this is mainly attributed to the above mentioned inert gases 
related aspects that influence the plasma ionization. 

Table 1: Collection of process relevant data for C/inert gas/N2 discharges (PAPER V, altered, and VI)  

 

 

 

                                                 
 
11  [102] reports five resonances in the region between 12.59 eV and 13.53 eV. Table 1 cites the 
resonances of the highest relative intensity 0.8 and 1.0, respectively.    
12 As obtained by TRIM simulations for ion energies of 100 eV and an incidence angle of 0° with 
respect to the target surface normal [103]. 

Inert gases 
Reactive gas 

species 
Target 

material 
 

 Ne Ar Kr N2 N C 

1st Ionization energy [eV], IP 21.56 15.75 13.99 15.6 14.53 11.26 

Total ionization cross section [10-17 cm2],       
at 25 eV 

0.25 
[99] 

12.5   
[99] 

17.6  
[99] 

8.25 
[100] 

1.17      
[101] 

14.4  
[101] 

Metastable excitation energy [eV] 
16.62 
16.71 
[96] 

11.55 
11.72 
[96] 

9.91    
9.99 
[96] 

12.08 
13.03 
[102]11 

  

Total sputter yield for C [atoms/ion]              
at 100 eV [103]12 

0.02 0.005 0.0001 0.009 0.04 0.07 
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2.4 Reactive DCMS and HiPIMS  

In reactive sputtering the inert gas is either partly or fully replaced by a reactive gas. 
In the presence of a plasma the reactive gas may react with the target, the sputtered target 
material or adsorbed film-forming species at the substrate, while the target is sputtered as 
described above. In doing so, a compound is formed containing the target material and the 
elements of the reactive gas. The extent of the introduced reactive element X into the thin 
film network can range between doping (X < 10 at%) and compound formation (up to 
stoichiometric X content). Commonly used reactive gases are O2, CH4 or N2. 

Adding extensive amounts of reactive gas can lead to target poisoning (also referred 
to as compound mode, or poisoned mode) where a compound layer on the target surface is 
formed due to chemisorption or and reactive gas ion implantation [84-86]. This affects 
especially metallic target materials and is expressed in a sudden change in total pressure or 
discharge voltage, and additionally by a drop in Rd. Thus, the reactive gas flow-to-total 
pressure hysteresis is a common part of the reactive sputter process characterization and 
tuning. The hysteresis comprises two different sputter regimes and their transition regions; the 
metallic sputter mode where the target is not affected by the reactive gas (characterized by 
low variations in total pressure, discharge voltage, and comparatively high Rd) and the 
compound mode. The extent of the hysteresis effect is highly influenced by the pumping 
speed of the vacuum system, but also by the sputter yields of the elemental target material 
and the corresponding compound formed at the target surface [104]. In order to produce 
stoichiometric compound films, not only a compound target is used, the reactive gas partial 
pressure is moreover adjusted to the onset of the transition region, where enough reactive gas 
is provided and the process is still convenient to control.  

Adding reactive gas to the discharge naturally affects the thin film composition and 
the sputter process characteristics, due to manifold gas phase and target reactions with the 
reactive gas. Therefore, only the specific reactive sputter processes for CNx and CFx thin films 
sputtered from a graphite target in an Ne, Ar, Kr/N2, and Ar/CF4, as well as Ar/C4F8 
atmosphere, respectively, will be further described for, primarily, the HiPIMS processes with 
respect to the current understanding.  

 

2.4.1 The Model of Chemical Sputtering in Reactive Graphite DCMS and 

HiPIMS Discharges 

As mentioned in 2.2, graphite is compared to other, commonly sputtered, materials 
exceptional. In particular the typical hysteresis was neither described nor observed (this work) 
for graphite sputtered by DCMS or HiPIMS in N2, CF4 or C4F8 containing atmosphere. On the 
other hand, previous studies on CNx-DCMS processes reported the physical sputter process to 
be significantly influenced by chemical sputtering taking place at the substrate, provided the 
process took place in N2 ambient. Roth et al. describes the general process of chemical 
sputtering in [61]. Here, a detailed kinetic model for atomic hydrogen with pyrolytic graphite 
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is given. Jacob et al. [62] and Schlüter et al. [63] extended this model to interactions of atomic 
nitrogen with a graphite surface. According to them, chemical sputtering can be pictured as a 
multi-step process leading to the formation of volatile species such as CN, CHN and C2N2. 
The sequence for chemical sputtering can be illustrated based on the following events [63];  

(i)  Incident ions break bonds at the film forming surface and cause dangling bonds 
within the range of their penetration depth13.      

(ii)  Dangling bonds are passivated by atomic nitrogen or CxNy (x, y ≤ 2) species arriving 
before a recombination of C dangling bonds takes place with elements such as H or C.  

(iii)  In consequence of the repetition of (i) and (ii) volatile CN-species form and desorb.  

In summary the mechanism of chemical sputtering is based on the dynamic adsorption and 
desorption of CxNy/Nx plasma species.  

Hellgren et al. [60], Hammer et al. [105], and Kaltofen et al. [106, 107] discussed 
effects of substrate – plasma interactions due to chemical sputtering on the film growth and 
structure; the nitrogen content in the films was found to increase rapidly for increasing but 
low fN2/Ar  (fN2/Ar < 0.5). However, increasing fN2/Ar further, the N content in the thin film 
seemed to stagnate (fN2/Ar > 0.5) and did not exceed 25 at%. This was ascribed to a 
pronounced effect of chemical sputtering at the substrate surface, contributing to the removal 
of N. The fact that a distinct temperature dependence was found for both, the maximum 
content of N in the film and Rd confirmed the assumption of chemical sputtering. 

In contrast to the observations by 
Hellgren et al. [60], Hammer et al. [105], 
Kaltofen et al. [106, 107], and Neidhardt et 
al. [108] the N content in CNx thin films 
prepared by HiPIMS does not stagnate with 
increasing fN2/Ar. As demonstrated in figure 9, 
at elevated temperatures (Ts = 430 °C) the N 
content in the films increases to a maximum 
value of 18 at% when carbon is sputtered in 
pure N2. This observation is not interpreted 
as an absence of chemical sputtering in 
HiPIMS mode; it is rather attributed elevated 
N2

+ and N+ energies during HiPIMS causing 
N intercalation into the growing film (cf. 

PAPER IV and chapter 3.1.2). This should be more pronounced for higher fN2/Ar due to an 
increased amount of N2

+ and N+ thus, the effect of decreasing nitrogen contents at high fN2/Ar 
appears to be suppressed, and chemical sputtering is concealed.  

                                                 
 
13 The penetration depth was modeled for Ar (20 eV) in graphite by TRIM [103] to a maximum value of 13 Å. 

Figure 9: Rd (filled black squares), corrected Rd 

(open black squares) and N content (open, filled 
circles) of CNx thin films deposited at 430 °C 
substrate temperature in HiPIMS mode. 
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In figure 9, the CNx deposition rate 
shows a minimum at low fN2/Ar ≈ 0.16, where 
the density of the CNx thins films was found 
to be highest (≈2 g/cm3), which is mirrored 
in an increased corrected Rd

14 (areal density 
deposited per second). A further in crease of 
the fN2/Ar yield increased Rds, while the 
corrected Rd stagnates, owing to reduced 
densities of 1.8 g/cm3 and 1.4 g/cm3 for 
discharges in 50 % N2 and pure N2, 
respectively. The evolution of the density is 
in agreement with results presented by 
Neidhardt et al. [108], that showed 
considerable variations in mass density as 
function of the N2 content in the sputter gas 

for thin films deposited in DCMS mode at temperatures higher than 300 °C. This in turn, 
correlates with the very interesting micro-structural evolution of CNx (0 < x < 0.23, TS > 300 
°C) films; ranging from amorphous to fullerene like to graphitic with increasing N2 content in 
the sputter gas. Thus, the course of the corrected Rd with increasing fN2/Ar indicates chemical 
sputtering ongoing at the substrate for the here presented HiPIMS processes, which is 
corroborated by the temperature dependence of the Rd (exemplified in figure 10 for DCMS 
and HiPIMS processes). Additionally, the rather low amount of N in the films at maximum 
fN2/Ar supports the conclusion that volatile CN-species are abundant in the plasma causing the 
desorption of N.  

The investigations for the reactive 
HiPIMS processes in N2, CF4, C4F8 in the 
appended PAPERS I, III, IV and V suggest a 
chemical sputter mechanism is not only 
active at the substrate but also at the target 
and is promoted by the long pulse off times 
during the HiPIMS process. Here, a pulse 
assisted chemical sputtering is taking place. 

Sputtering graphite in F-containing 
reactive gases (C4F8, CF4) basically induces a 
similar chemical sputter mechanism at the 
target and the substrate as mentioned above. 
This conclusion is not only justified by the 

                                                 
 
14 Since the film density and the deposition rate were found to change considerably with the nitrogen 
content in the sputter gas, the presentation of the corrected Rd (corr. Rd) is intended to pose a 
descriptive tool in order to compare different processes with regards to the amount of material 
deposited within a certain time.  

Figure 11: Development of Rd and F content in 
CFx thin films as a function of the CF4 and C4F8 
partial pressure in the sputter gas (PAPER III)   
 

Figure 10: Rd vs N2 content in the sputter gas for 
CNx thin films prepared at RT (open symbols) and 
HT (filled symbols) by HiPIMS and DCMS. 
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fact that processes in both reactive gases showed significant temperature dependencies on the 
F incorporation (the F content in thin films deposited at 430 °C was reduced to a fourth 
compared to F contents measured in CFx thin films deposited at 110 °C), but shows also 
dependencies on the amount of F-containing reactive gas (figure 11). In figure 11, Rd and F 
incorporation as a function of the partial presure of C4F8 and CF4 (pC4F8 and pCF4, respectively) 
are presented for HiPIMS processes. In case the reactive C HiPIMS process is carried out in 
Ar/C4F8 atmosphere the F content increases rapidly for low pC4F8 up to 11 mPa. The further 
increase of pC4F8 results in a flattening of the course, and an F content of 34.8 at% at 55 mPa 
is observed. The Rd increases steadily, as well. Somewhat different are the observations for 
CFx thin films sputtered in Ar/CF4. Here, the F content does not increase as rapidly and shows 
a maximum at pCF4 ≈ 55 mPa. The further increase of pCF4 results merely in a reduction of the 
F content. This can be ascribed to a possible formation of C2F2 and F2 species in the plasma 
acting as etchants at the substrate surface (PAPERS I and II). Due to the fact that C2F2 and F2 
cations are unstable, these species could not be traced during positive ion mass spectroscopic 
measurements (PAPER III), but were theoretically predicted by ab initio calculations (cf. 
chapter 4.1, PAPERS I - III, [3],[8]). The chemical sputtering, in this case, is further confirmed 
by the decreased Rd for processes carried out for pCF4 > 42 mPa.  

 

2.4.2 Ionization and Dissociation Paths of the Reactive Sputter Gases N2, 

CF4, and C4F8 

The reactive sputter process is not only characterized by the hysteresis effect or - for 
the case graphite is sputtered - it is not only determined by chemical sputtering. Reactive 
sputtering employing gases such as N2, CF4 or C4F8 implies that various dissociation, 
ionization, and recombination processes need to be considered for a deeper understanding of 
the reactive sputter process. In the following the most probable dissociation and ionization 
mechanisms (reported in literature) are mentioned for discharges employing N2, C4F8, and CF4.  

Dissociation and ionization processes in N2 and N2/Ar discharges are not yet fully 
understood, owing to a complex interplay of electron, vibrational, chemical and surface 
kinetics. Vibrationally excited molecules and metastable states (cf. table 1) may play a 
considerable role and  explain the reactivity of N2-containing plasmas [109]. The dissociation 
of N2 (exhibiting a dissociation energy of 9.756 eV [110]) is most probable to occur by 
electron impact in low pressure discharges  

−+− ++→+ 2eNNeN2         

Possible are also vibrational dissociation and dissociative recombination according to [111] 

NNNe 2 +→+ +−          

as well as dissociative ionization [112] due to   

e)(metastablNArNAr 22
++ +→+  and NNe)(metastablN2 +→ ++ .   



 
 

CHAPTER 2:  THIN F I LM DEPOSIT ION AND PROCESS CHARACTERIZATION   
 

 

20 

The major ionization process for N2 in low pressure plasmas is electron impact ionization 
according to (cf. table 1)  

−+− +→+ eNeN 22           

Other probable ionization processes in the N2/Ar discharge are ionization by charge transfer; 
++ +→+ 22 NArNAr           

as well as ionization due to collisions between two metastable electronic states 
(Penning ionization/associative ionization) leading to N4

+ [109].  

The introduction of moderate amounts of CF4 or C4F8 to Ar-containing discharges 
adds a dimension in terms of complex plasma chemistries. This is due to the relatively high 
amount of atoms per molecule for both precursors, which can dissociate, ionize and 
recombine in a variety of precursor species (cf. chapter 4.1, PAPER III). Thus, only the two 
major ionization paths due to electron impact are regarded in the following (cf. PAPER III, 
tables 2-4). 

Table 2: Collection of process relevant data for C/Ar/C4F8 and C/Ar/CF4 discharges (PAPER III). 

Firstly, the creation of ions due to the dissociation of the parent molecule (C4F8 or CF4) 
into neutral species and their subsequent ionization is naturally a two-step process. The 
corresponding partial cross sections for the production of here relevant C4F8/CF4 radicals and 
their ionization potentials are presented below in table 3. In the C4F8/Ar HiPIMS plasma, this 
process may be the source for the majority of positively charged precursor fragments as the 
impact of electrons on the C4F8 molecule produces high amounts of the CF2 radicals, but also 
CF3 and CF [116-119]. This is attributed, particularly for CF2, to their comparatively high 
partial cross section for the dissociation into neutrals. High dissociation cross sections together 
with the comparatively low ionization potential for all three radicals (cf. table 3) emphasizes 
the importance of this ionization path. On the other hand, the dissociation into neutral 
fragments of the parent molecule CF4 is described to be the dominating process upon electron 
impact in a lower energy range between 12.5 eV and ≈30 eV [114]. Here, the cross sections 
for the neutral radicals produced by dissociation are comparatively low, and measurements 

                                                 
 
15 recommended values taken from [113, 114] 

 C Ar C4F8 CF4 

1st Ionization potential [eV], IP 11.26 15.75 12.2 [113] 16.2 [114] 

Dissociation energy [eV] - - 4.4 [113] 5 [115] 

Total ionization cross section 
[10-16 cm2] at 100 eV15 

2.22 [101] 2.51 [99] 14.4 [113] 6.08 [114] 

Total ionization cross section  
[10-16 cm2] at 25 eV15 

1.44 [101] 1.25 [99] 3.44 [113] 1.15 [114] 
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uncertain because of the presence of lower-energy neutrals. Therefore, a direct comparison to 
C4F8 is not possible. 

Table 3: Ionization potentials obtained from literature, calculated ionization potentials (this work, cf. 
chapter 4), and threshold energies for appearance for relevant neutral fragments by electron impact. 
Partial cross sections are presented for the dissociation into neutral fragments upon electron impact 
at 25 eV and 100 eV for C4F8 and CF4 parent molecules (PAPER III).  

 
 Table 4: Threshold energies for appearance of major positive ion fragments upon electron impact, 
and partial ionization cross sections of most important positive ion fragments upon electron impact 
at for electron energies of 25 eV and 100 eV for C4F8 and CF4 parent molecules (PAPER III) 

                                                 
 
16 recommended values taken from [114] 

 CF CF2 CF3 

9.1 [120] 11.4 [120] 8.9 [120] 
1st Ionization potential [eV], IPx 9.18 10.84 8.64 

Threshold energy of appearance for neutral 
fragments by electron impact on C4F8 [eV] [121] 

14.5 10.5 12.8 

Partial cross section for C4F8 dissociation  into 
neutral fragments [10-16 cm2] at 25 eV [121] 

0.00850 0.0264 0.0120 

Partial cross section for C4F8 dissociation  into 
neutral fragments [10-16 cm2] at 100 eV [121] 

0.0464 0.0798 0.0485 

Threshold energy of appearance for neutral 
fragments by electron impact on CF4 [eV] [122] 

20 15 12.5 

Partial cross section for CF4 dissociation  into 
neutral fragments [10-16 cm2] at 30 eV [114] 

0.0012 0.0017 0.015 

Partial cross section  for CF4 dissociation  into 
neutral fragments [10-16 cm2] at 100 eV [114] 

0.0152 0.0108 0.074 

 CF+ CF2
+ CF3

+ C+ F+ 

Threshold energy for appearance of pos. ion 
fragments by electron impact on C4F8 [eV] [121] 

19.2 20.3 18.1 - - 

Partial ionization cross section by electron impact 
on C4F8 [10-16 cm2] at ≈25 eV [121] 

0.215 0.052 0.573 - - 

Partial ionization cross section by electron impact 
on C4F8 [10-16 cm2] at ≈100 eV [121] 

3.44 0.580 2.46 - - 

Threshold energy for appearance of pos. ion 
fragments by electron impact on CF4 [eV] [122] 

26.5 21.0 16.3   

Partial ionization cross section by electron 
impact on CF4 [10-16 cm2] at ≈25 eV16

 
- 0.03 1.04 - - 

Partial ionization cross section by electron impact 
on CF4 [10-16 cm2] at ≈100 eV16 0.36 0.35 4.10 0.30 0.39 
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Next the creation of ions through dissociative ionization, it was described to be the 
main ionization mechanism for electron energies above 30 eV for CF4 [114]. Comparing the 
ionization potential for both reactive gases (cf. table 2) it is evident that ionization through 
dissociative ionization requires much higher electron energies in the case when CF4 is 
employed. This, in combination with the comparatively low ionization cross sections for the 
CF4 parent molecule and ion fragments (cf. table 4) leads to the conclusion that dissociative 
ionization may play a minor role for a discharge that contains CF4 compared to C4F8.  

 

2.4.3 The Reactive Sputter Process Employing Different Inert Gases 

The reactive sputter process of a certain target material can be further tailored with 
the selection of a suitable inert gas. Usually, reactive gases such as N2 and O2 possess low 
atomic masses, therefore an inert gas with higher atomic mass (i.e. Ar) might be favored to 
admix in order to support the sputter process of heavy target elements with reasonable 
deposition rates. Additionally, an inert gas with a comparatively high ionization potential (e.g., 
Ar, or Ne, cf. table 1) may additionally promote ionization of the reactive gas due to Penning 
ionization and excitation.  

These effects can also be utilized in the reactive HiPIMS sputter environment for CNx 
thin films; Kr, a comparatively bulky and heavy atom, may contribute to cluster sputtering 
from the N-passivated graphite target. Ne, on the other hand, is relatively small, and possesses 
a low atomic mass, thus the highest sputter yield for pure carbon. In addition to Ne’s ability to 
Penning ionize C, in Ne/N2 discharges with N2 contents of up to 50 % a Penning mixture [123] 
is formed and the activation of N2 through Penning ionization was found to play a 
considerable role [124] (PAPERS V, VI). The ability of Ne to Penning ionize N2 according to 
[124, 125]  

−+∗ ++→+ eNNeNNe 22   

is attributed to the metastable states of Ne 
(Ne*) at 16.62 eV and 16.67 eV that exceed 
the ionization potential of N2 (IPN2 = 15.6 eV) 
and N (IPN = 14.53 eV). The conversion of 
the kinetic energy to vibration/excitation and 
the dissociation of molecular nitrogen may 
then occur in the cathode sheath in the two 
steps:   

2222 N(slow)NN(fast)N +→+ ++ ν  

and  

NNN2 +→ ++ν ,   

where ν represents vibration excitation 
energy. The dissociative charge transfer has 
a threshold energy of ≈24 eV [125]. Of 

Figure 12: N-contents ([N]) of CNx thin films 
deposited at Ts = 110 °C in 14 % N2/Ne, 14 % 
N2/Ar, and 14 % N2/Kr, respectively.  
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course, ionization and dissociation of N2 due to electron impact or the ionization due to 
charge transfer from inert gas ions [125] are possible in the Ne/N2 discharge as well. The 
ability of Ne to efficiently ionize and dissociate N2 accounts, at least partly, for the 
comparatively high N content in CNx thin films as presented in figure 12. The opposite is the 
case for the reactive HiPIMS process in 14 % N2/Kr, as Kr has an ionization energy of 13.99 
eV (cf. table 1) and low metastable energy levels at 9.91 eV and 9.99 eV. Although, Kr itself 
is ionized at low impact energies, electrons produced by this process possess low energies 
thus, present only limited ability for electron impact ionization of C (IPC = 11.26 eV) and even 
less for the ionization and dissociation of N (IPN = 14.53 eV) and N2 (IPN2 = 15.6). This is 
mirrored in the comparatively low N incorporation for CNx thin films sputtered in N2/Kr 
atmosphere (figure 12).  

 

2.5 Process Characterization   

A characterization of the plasma becomes not only vital for a deeper understanding of 
the synthesis process, but also in order to comprehend film properties and to be able set both 
into context.  

 

2.5.1 Discharge Characteristics  

Target current and target voltage waveforms for HiPIMS processes contain valuable 
information, especially if such can be correlated with results obtained from positive ion mass 
spectrometry. In comparing I(t) and U(t) curves in dependence of a certain process parameter, 
the following aspects contain evidence with regards to processes at the target during pulse on 
time (PAPERS IV, V);  

(i) The peak target current (Î) as a first approximation of the sputtered amount of ions. 

(ii)  The onset and the slope of the rising target current, as well as the temporal evolution 
of the peak target current which give indications about the discharge dynamics [97].  

(iii)  The energy per pulse (EpP), serving as a parameter to compare different processes 
settings. Ep can be extracted according to equation (3); 

ttUtIE
d

d)()(
p

0
P ∫ ⋅= ,       (3)  

where I(t) and U(t) represent the target current and target voltage as a function of the 
time t, respectively. The product of both is integrated over the pulse duration dp.  

An example is given in figure 13, where target current waveforms for different pulse 
energies are shown. Due to large target area (440 cm2) and limited size of the capacitor bank, 
the discharge is restricted by the power supply: the target voltage decreases as soon as the 
charge is withdrawn from the capacitors (cf. PAPER IV). The relationship between target 
current and target voltage is given by equation (4):  
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)( P= ,        (4) 

where CP resembles the capacitance. A comparison of target current waveforms between 
commonly sputtered metals such as Ti or Cr 
[70, 92, 126] and C shows a clear difference 
with regards to the maximal applicable pulse 
energy and pulse current, implying a 
decreased total number of sputtered charged 
species for carbon in metallic mode. This can 
be ascribed to the comparatively high 
ionization potential of carbon and the low 
sputter yield of C. For the used sputter 
system and under the condition of a stable 
process, pulse energies higher than 6.0 J 
(depending on other process settings) are not 
possible for carbon, whereas pulse energies 
of 25 J for Cr are reported under similar 
experimental conditions [70].  

Typical HiPIMS conditions are characterized by dynamic changes in the target current 
waveforms as can be seen in figure 13 during the first 130 µs of the pulse. DCMS-like 
conditions are observed in the last 70 µs of the pulses with rather stable and low current 
values. The dynamic features become less characteristic with decreasing pulse energies and 
can not be distinguished anymore below 3.5 J, implying that a pulsed process under DCMS-
like conditions takes place.  

The changes from HiPIMS to DCMS 
regimes at pulse energies higher than 3.5 J 
are ascribed to the effects of gas 
rarefaction 17  and the decay of the cathode 
voltage [97]. However, the influence of gas 
rarefaction should be less pronounced in 
cases C is sputtered in HiPIMS mode as the 
target current is comparatively low and the 
number of sputtered particles is limited [127]. 
Therefore, the effect of gas heating is not as 
prominent.  

Depending on how much reactive 
gas is added to the sputter process of 
graphite, the I(t) characteristics change as 

                                                 
 
17 Is described as the depletion of sputter gas in the vicinity of the target due to gas heating by the 
collision of sputtered particles with the process gas.  

Figure 13: Recorded current waveforms for 
different energies per pulse (EpP) in a C/Ar 
discharge with pulse durations of 200 µs. 

Figure 14: Recorded current waveforms of C/N2/Ar 
discharges with different fN2/Ar. 
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shown in figure 14. Here, graphite is sputtered in different fN2/Ar. The inset in figure 14 shows 
the course of the peak target current for increasing N contents in the plasma and describes a 
similar shape as observed for the Rd of CNx films (cf. figure 10). Î drops instantly once 
nitrogen is introduced to the sputter process. Increasing fN2/Ar further the peak target current 
decreases and shows a clear minimum between 20 % and 70 % of nitrogen in the sputter gas. 
In exceeding 70 % of reactive gas in the process the target current rises again. For the case 
when C is sputtered in pure N2 atmosphere, Î reaches 82 % compared to the process in pure 
Ar. The observation of a decreased target current is usually ascribed to a suppressed amount 
of charged, sputtered species that form in the targets vicinity and at the targets surface 
whenever a reactive gas is involved in the sputter process. The changed secondary electron 
emission yield γSE resulting from the changed sputter gas chemistry as well as the reactions 
taking place at the surface of the target can account for this observation [56].  

 

2.5.2 Plasma Positive Ion Mass Spectrometry  

 The synthesis processes of CNx and CFx thin films were investigated with plasma ion 
mass spectrometry. Next to the obvious information of the plasma composition, time-averaged 
and time-resolved mass spectrometry contain valuable information with regards to ion energy, 
ion flux as well as the temporal evolution of ion energy distribution functions (IEDFs) and 
particle origin. Generally, time-averaged IEDFs recorded for a HiPIMS process comprise two 
main components; a portion at low energies that resembles thermalized ions and a high-
energy tail. The high-energy tail is affected by three different components: the probability 
function for electron impact ionization, the probability function for collisions between metal 
ions and inert gas neutrals, as well as the energy transmission function of the mass 
spectrometer.  

 In the presented work two different mass spectrometer models (PSM003 and the EQP 
1000 from Hiden Analytical, UK) were used. Both instruments comprise a probe with an 
orifice, and an ion extraction system or ionizer (in case neutral particles need to be sampled). 
Further the units consist of an energy filter/analyzer, a (quadrupole) mass filter and the ion 
detector, which is an ion counting secondary electron multiplier counting the number of 
arriving ions per second.  

If the front end of the probe is grounded (as was the case here) the ions that enter the 
mass spectrometer orifice are accelerated from the plasma into the spectrometer. Here, the 
energy filter permits ion within a limited energy range to pass to the quadrupole mass filter. 
Ion masses passing the quadrupole mass filter are specified by electrode potentials applied to 
the quadrupole. Thus, ions of a specific mass-to-charge ratio can be detected by the secondary 
electron multiplier.  

In case the measurements take place in HiPIMS mode, time resolved ion mass 
spectrometry can be of interest. The PSM003 and the EQP 1000 mass spectrometer units offer 
the possibility to perform time resolved measurements triggered by the voltage onset signal 
from an oscilloscope. In order to present the information of the plasma at the spectrometer 
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orifice (in most cases resembling the location of the substrates) rather than at the detector, 
time-resolved data may be corrected for their time-of-flight (TOF) within the mass 
spectrometer, as suggested by Bohlmark et al. [128]. This approach accounts for the initial 
kinetic ion energy, the mass of the ions and the various potentials that are applied within the 
mass spectrometer. However, since the TOF differs not more than 10 % for an energy range 
between 0 eV and 100 eV, a mean kinetic ion energy can be used for a sufficient TOF 
approximation.  

Figure 15 a)-f) exemplifies time-averaged IEDFs recorded for abundant plasma species 
in the C HiPIMS discharge for various fAr/N2. In figure 15 a), the C+ IEDF shows a low-energy 
peak at ≈1 eV, reflecting the plasma potential, as the front end of the mass spectrometer 
probe was grounded. Naturally, this value and the course of the IEDFs represent the average 
over the entire measurement time, comprising pulse on and off periods. Striking, are the 
qualitative differences in IEDF shapes for the different ion species; while C+ and N+ ions are 
characterized by pronounced high-energy tails, the IEDFs of CN+, C2N

+, N2
+, and Ar+ merely 

contain contributions from thermalized ions. This is partly due to their higher masses, as well 
as larger sizes. Another factor for the qualitative difference in IEDF-shape might be that both 

Figure 15 a)-f): Time-averaged IEDFs of a) C+, b) CN+, c) C2N
+, d) 

Ar+ e) N+, and f) N2
+ detected during mass spectrometry for the 

HiPIMS discharge of graphite in Ar and Ar/N2 atmosphere. The 
insets show a magnification of the low-energy region (PAPER IV, 
reprinted with permission from [6]). 
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the C+ ions and the high energy N+ ions are 
created by electron impact ionization and 
originate from the target as nitrogen reacts 
with the target material. It may also be 
possible that back-attracted N2

+ dissociates at 
the target surface and contributes to the N+ 
signal.  

In integrating the IEDFs over the 
energy range, the ion fluxes can be extracted 
and set into relation as shown in figure 16. 
Generally, the presentation of the ion flux - 
wheatear relative or total - provides a 
practical tool for a fast an overview in order 
to compare many processes(though with 
limited information). Additionally, the data 

extracted from target species can be correlated to the course of the peak target current.  

A more specific insight of the plasmas’ temporal evolution during HiPIMS processes is 
provided by data recorded during time-resolved mass spectrometry. In order present the data 
in a more graspable manner, the time resolved IEDFs can be integrated over the entire energy 
range as shown in figure 17 a)–f). Here, the temporal evolution of abundant plasma species in 
the C/Ar/N2 discharge is presented. The data were corrected for the ions TOF in the mass 
spectrometer, as discussed above. Overall, causes of the temporal ion flux development for 
the measured plasma species are manifold due to numerous interactions and processes 
ongoing at the target and in the plasma. Striking is the decrease of Ar+ and N2

+ ion count 
rates at approximately 100 µs and the same observation, though later during the pulse (at 
≈150 µs) for C+ and N+. Three effects are apparent and could account for this temporal 
development of the of the ion count rates:  

(i) Gas rarefaction, as described by Rossnagel [127] for commonly sputtered metals, 
which can be pictured as gas depletion in front of the target, caused by a gas heating 
due to energetic, sputtered particles  involving the thermalization of the sputtered 
particles. The effect of gas rarefaction was reported to be sensitive to the discharge 
power and the nature of the background gases; the measured depletion was as high as 
85 % for gas-target systems with high masses and high sputter yields. Due to high 
power levels involved during the pulses, gas rarefaction is expected to affect the 
HiPIMS processes, even for the case when graphite is sputtered.  

(ii) The cooling of the electron distribution function by large fluxes of Al atoms 
(exhibiting a comparatively low IAl) was reported for IPVD with inductively coupled rf 
(RFI) plasma. Filling gas atoms were not as efficiently ionized anymore as soon as the 
electron temperature was quenched [129].  

Figure 16: The relative percentage of extracted ion 
fluxes in dependence of the N2 content in the 
process gas as graphite is sputtered in HiPIMS 
mode.  
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(iii) Differences in atomic/molecular 
masses as well as the size of the 
species might play a role for the 
relative temporal evolution, as their 
collision cross section is increased 
these species may experience a 
higher amount of collisions and thus 
scatter more. 

Greczynski et al. [70] showed a similar 
behavior for Cr sputtered in Ar/N2 for an 
identical experimental setup and ascribed a 
depletion of the sputter gas during pulse-on 
times to scenarios (i) and (ii) above. The 
effect of the different ionization potentials in 
(ii) is assumed to have less pronounced 
impact on processes present in this work. (ii) 
possesses more motivation for Al or Cr, 
sputtered in an Ar or Ar/N2 atmosphere, 
given by the fact that the differences in IP for 
those materials are higher compared to 
graphite sputtered in an Ar/N2 atmosphere.  

Data in figure 17 a)-f) may indicate 
the origin of the particles; C+ and N+ signals 
show not only a comparable shape in time-
averaged IEDFs (cf. figure 15 a)-f)), but also 
a comparable temporal evolution in time-
resolved measurements. This supports the 
theory that not only C+ is originating from 
the target, but also large portions of N+ ions. 
Additionally, the maximum ion fluxes of C+, 
N+, C2N

+ and CN+ show no shift in delay 
time as the N2 contents increase in the 
sputter gas. This indicates as well that the 
target is their origin, which is supported by 
the theory of the chemical sputter process 
occurring at the target surface [2, 4, 51, 57]. 
For Ar+ and N2

+ ions, time-resolved data 
confirm that the late peak arising at ≈200 µs 
is generated by thermalized ions. These ions 
arrive at the mass spectrometers orifice just 
after the pulse ended.  

Figure 17 a)-f): Total ion count rate vs delay time 
(corresponding to the onset of the pulse) for 
different nitrogen contents in the sputter gas. 
Each data point represents IEDFs recorded during 
20 ms, integrated over the entire energy range for 
a) Ar+, b) N2

+, c) C+, d) N+, e) CN+, and f) C2N
+. 

(PAPER IV, reprinted with permission from [6]). 
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2.6 Experimental Details for the Thin Film Synthesis and 

Process Characterization  

In the presented work, plasma 
characterization and thin film synthesis were 
performed in the industrial coating system 
CC800/9 ML (CemeCon AG, Germany) as 
presented in figure 18. A closer view into the 
process chamber is presented in figure 19 
comprising (a) four cathodes, (b) the 3-fold 
rotational substrate table, (c) back and front 
heater, (d) upper and lower booster etch 
nozzles, (e) turbo pump feed trough, and (f) 
gas inlets. More detailed information as for 
the setup of the vacuum system can be 
found in [5]. The CC800/9 ML unit offers 
the possibility to drive two out of four 
cathodes in HiPIMS mode. These two 

HiPIMS cathodes as well as the substrate table can be operated simultaneously in 
synchronized HIPIMS mode. Furthermore, two turbo pumps (THP2101, Pfeiffer Vacuum 
GmbH) with a nominal volume of 2100 l/s provided a based pressure of less than 0.3 mPa.  

During all depositions and mass 
spectrometry measurements the turbo pumps 
were operated at 66 % of their maximum 
speed. The substrates faced the pure graphite 
target (440 cm2) at a distance of 60 mm, 
whereas the mass spectrometers` orifice was 
installed at a distance of 60 mm and 210 
mm from the target surface, respectively. For 
all investigations, one rectangular target was 
sputtered in either power regulated HiPIMS 
or DCMS mode. The process temperature 
was monitored with thermocouples on both 
heating elemnts (cf. figure 19) whereas, the 
substrate temperature was calibrated in 
periodic intervals with a surface thermometer 
(575CM, PTC instruments, USA). For the 
presented studies, TS were varied between 
room temperature and 600 °C. In the case 
the sputter process was carried out in 
HIPIMS mode, the pulse frequencies were 
varied between 100 Hz and 1000 Hz, Pav 

Figure 18: Schematic of the industrial coating 
system CC800/9 ML from CemeCon AG (image 
taken from [5] with permission). 

Figure 19: Schematic top view of the process 
chamber with (a) cathodes, (b) the 3-fold 
rotational substrate table, (c) back and front 
heater, (d) booster etch nozzles, (e) turbo pump 
feed trough, and (f) gas inlets. 
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ranged between 700 W and 4000 W and the pulse width was kept constant in all processes at 
200 µs. The synthesis of a-C and CNx thin films was studied in different N2/inert gas (Ne, Ar, 
and Kr) mixtures in either HiPIMS or DCMS modes. CFx thin films, on the other hand, were 
deposited in Ar/CF4 (tetrafluoromethane) or Ar/C4F8 (octafluorocyclobutane) atmospheres in 
HiPIMS mode. During thin film deposition the current and voltage waveforms were recorded 
with a Tektronix DPO4054 500 MHz bandwidth digital oscilloscope.  

Dealing with different inert and reactive gases poses the challenge to find such 
process parameters for the deposition that provide comparability over a wide process window, 
granting the possibility to vary deposition temperatures, as well as the flow ratios of inert 
gasses and reactive gases with little constraints. For HiPIMS deposition processes, a pulse 
frequency of 300 Hz and an average Pav = 1400 W were found to suit those requirements best. 
At the same time, these processes settings showed typical characteristics of a HiPIMS process. 
Therefore, the majority of the studies were performed under these conditions. Only for the 
case as graphite was sputtered in Ne or N2/Ne atmospheres during mass spectrometry a higher 
average target power of 1800 W was required to reduce process instabilities. Therefore, 
similar processes in N2/Ar atmosphere were carried out additionally, intended to serve as a 
reference. In order to provide comparable DCMS conditions, the target power for 
corresponding processes in DCMS mode were chosen to match the product of the energy per 
pulse and the pulse frequency (in HiPIMS mode). 

Positive ion mass spectrometry in CNx discharges was carried out with a PSM003 unit 
from Hiden Analytical (UK), whereas the EQP 1000 unit from Hiden Analytical was used for 
measurements in the CFx plasmas. Both mass spectrometers allow the measurement of masses 
up to 300 amu with a resolution of 0.1 amu. All measurements were carried out at room 
temperature. Initially, the most abundant precursor species were established with mass scans 
at a fixed energy of 3 eV. Then, IEDFs in of the most abundant species were recorded in time-
averaged and time-resolved modes. The CFx process characterization yielded C+, Ar+, F+, CF+, 
CF2

+, CF3
+, C2F2

+, and C2F5
+ as most abundant, whereas C+, Ar+, Ar++, Ne+,22Ne+, Ne++, 82Kr+, 

84Kr+, 86Kr+, Kr++, N+, N2
+, CN+ as well as C2N2

+ were detected during the different CNx 
processes. In order to a allow comparisons among the different process settings for either CNx 
or CFx processes, the corresponding measurements were carried out with the same global 
settings. The applied mass spectrometer units are equipped with a quadrupole mass analyzer, 
which transmits more low masses than higher masses, thus a 1/mass transmission correction if 
often assumed, but was not applied in the presented work. Time-averaged data were 
measured in a range between - 0.5 eV to 50 eV applying step widths of 0.2 eV for the 
process in N2 and 0.25 eV when F-containing gases were used. Depending on the reactive gas, 
the dwell time was set to 300 ms and 100 ms for either N2 or CF4/C4F8.  

Time-resolved data are only presented for processes as graphite was sputtered in 
metallic and reactive modes employing Ne, Ar, Kr or N2/Ne, N2/Ar, N2/Kr (in HiPIMS mode). 
In order to acquire time-resolved data, the mass spectrometry measurements were triggered 
by a signal from a Tektronix DPO4054 500 MHz bandwidth digital oscilloscope. For time-
resolved measurements the detector gate width was set to 10 µs and the delay time relating to 



 
 

CHAPTER 2:  THIN F I LM DEPOSITION AND PROCESS CHARACTERIZATION 
 
 

 31 

the onset of the power pulse to the cathode ranged from 40 µs up to 300 µs with an 
increment time of 20 µs. A total acquisition time of up to 2 ms per data point was applied. 
Ion energies were scanned in a range between -0.5 eV and 20 eV with a resolution of 1 eV. 
All time-resolved data presented were corrected for the time-of-flight (TOF) within the mass 
spectrometer, as described by Bohlmark et al. [128].  The TOF of the ions depends on their 
initial kinetic energy; in the presented study, a value of 8 eV was assumed for all calculations 
due to the fact that within an energy range between 0 eV and 100 eV the TOF differs not 
more than 10 %.       
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3 Thin Film Characterization 

 

The following chapter comprises an introduction to the methods used for thin film 
characterization. Challenges, especially with regards to carbon-based thin films, are 

exemplified and discussed closely. Finally, relevant experimental details for thin film 
characterization of the here presented studies are given.     

 

 The range of analyzing methods in thin film physics seems to be sheer endlessly. Thin 
films can be analyzed regarding their microstructure, chemical composition, chemical bonding 
and their thermal, electrical, optical as well as mechanical properties. Within these categories 
there are several complementary methods. Thus, the characterization method of choice 
depends, not only on questions to be answered, but also on the nature of thin film and the 
substrate. 

 

3.1 Transmission Electron Microscopy and Selected Area 

Electron Diffraction 

Transmission electron microscopy (TEM) requires an extraordinary set of equipment as 
Å-resolution is aimed for. Thus, TEM is performed under UHV in order to increase the mean 
free path of the electrons. The microscope can be separated into three parts;  
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(i)  The electron beam gun and the illumination system, where electrons are 
thermionnically emitted, accelerated (60 keV – 1 MeV18), and then focused onto the 
specimen by the electromagnetic condenser lens system. 

(ii)  The sample stage and the objective lens, which build basically the heart of the 
microscope; in order to form a signal (image or diffraction pattern) in the transmission 
electron microscope an electron transparent sample (usually exhibiting a thickness of 
< 50 nm) is subjected to the accelerated and focused electron beam and placed in 
front of the electromagnetic objective lenses. As the electron beam transmits the 
sample, the electrons undergo scattering processes, which in turn affect the provided 
information. For example, a diffraction pattern is created in the back focal plane of 
the objective lens upon elastic scattering (no energy loss) of the electrons and an 
image is formed by the transmitted beam in the image plane.   

(iii) By help of the image system (a collection of diffraction, projection, and intermediate 
lenses) either the diffraction pattern or the image is focused on and magnified on the 
screen or captured with a charge-coupled device (CCD) camera.  

A detailed description of the microscopes construction and involved parts can be 
found elsewhere [130]. 

Next to the imaging modes, bright-field and dark-field, transmission electron 
microscopes can also be operated in different analytical modes. Here, diffraction, X-ray 
energy dispersive analysis (EDX) or electron energy loss can be named.  

Since only bright-field imaging and diffraction were used for the studies of CNx and 
CFx thin films, a few general remarks on both modes should be given (cf. chapter 3.1.2). 
Diffraction provides quantitative structural information; from SAED (selected area electron 
diffraction) the crystal structure, orientation, lattice constants, defects and nearest neighbor 
distances can be drawn. Spotted arrays are observed for crystalline materials, whereas 
polycrystalline and amorphous materials yield distinct, narrow and blurred, wide rings, 
respectively. Imaging provides features as for the morphology and microstructure of the 
specimen. The image contrast is depending on different electron beam - sample interactions, 
where generally the specimens’ thickness and elemental composition (atomic number) affect 
the contrast. HRTEM (high resolution TEM) imaging can achieve resolutions down to atomic 
scale at the expense of decreasing sampling volumes.  

 

3.1.1  TEM Sample Preparation 

A rather demanding part of TEM analyses is the preparation of the samples, as 
electrons interact with matter 19  their mean free path is reduced, this in turn requires 

                                                 
 
18 The acceleration energy depends on the instrument and mode of operation. 
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sufficiently thin – so called electron transparent – samples with thicknesses below 50 nm. 
Cross-sectional TEM, assess the structural evolution during film growth. For these 
investigations, mainly three preparation techniques exist, in order to meet the required 
specimen thickness;  

(i)  Small angle cleavage technique (SACT) [131], where the brittle substrate (≈10 mm x 
≈6 mm) with the deposited thin film on top is thinned down from the backside to 
≈100 µm at an angle of ≈18° relative to the standard cleave plane20 (scratch marks at 
the backside of the substrate should be clearly visible), cleaved to small wedges in de-
ionized water or isopropyl alcohol so as to produce electron transparent sample tips. 
The cleaved samples are then mounted on Cu grids. This technique has the advantage 
that microstructural damages due to ion beam irradiation are non existing, but 
provides in return a rather small electron transparent area that can be examined. 
Additionally, the probability to produce inapplicable sample tips (due to high 
thickness, contamination, or thin film peeling) is comparatively high.   

(ii)  Focused ion beam (FIB), where a 10 – 25 keV Ga ion beam is used to mill a TEM 
specimen out of a specific sample region [132]. This technique offers the possibility to 
precisely pick the specific feature of interest for TEM examination, but poses the risk 
for microstructural damages or Ga implantation/contamination.    

(iii)  Sample preparation technique including mechanical polishing and ion beam milling as 
final step. This technique is widely used; as it is inexpensive compared to FIB, it is not 
as restrictive as (i) with regards to the substrate material, and it is a rather secure way 
to produce electron transparent TEM specimens. The drawback of this preparation 
technique is a possible microstructural damage by ion beam milling.      

For carbon-based thin films special care was taken with regards to a modification of the 
potentially sensitive microstructure, such as the FL structure that might be destroyed due to 
ion beam milling[130]. Therefore, SACT was applied for all cross-sectional transmission 
electron micrographs.  

The microstructure of carbon-based compounds may as well be observed by plan-view 
TEM. In this case the sample preparation technique is easily accomplished; carbon-based films 
of less than 50 nm in thickness are deposited on freshly cleaved NaCl substrates, these films 
are floated off in water, rinsed twice and collected on a TEM Cu grid. One drawback with this 
preparation technique is that only the initial stage of the thin film growth is captured. Thus, 
the observed microstructure may not mirror the microstructure obtained at a steady state film 
growth as it is still influenced by nucleation processes. Additionally, the NaCl substrate may 
influence the growth and evolution of the thin film structure. 

                                                                                                                                                 
 
19 The electron beam-sample interaction is highly depending on the atomic weight and density of the 
sample.  
20 The standard cleave plane corresponds to {111} in Si (001).  
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In this context, care should be taken when comparing HRTEM images and SAED 
pattern acquired from CNx samples using different forms of sample preparation or illustrate 
different sample directions. Even though carbon-based thin films are amorphous or may 
exhibit a near range ordered microstructure, a possible influence of the substrate or 
anisotropic evolution the FL-structure become apparent in figure 20 a)–c); while the CNx film 
deposited on Si (cross-sectional HRTEM, figure 20 a)) shows an aliment of the C matrix in 
growth direction for the first 20 nm, which is mirrored in the corresponding SAED by a 
segment of the inner (≈3.5 Å) ring, the CNx film deposited on SiO2 (cross-sectional HRTEM, 
figure 20 b)) appears amorphous. The plan-view HRTEM acquired from the CNx thin film 
deposited on NaCl (figure 20 c)), in contrast, shows a strong FL evolution, which is 
corroborated by the corresponding SAED pattern showing a high intensity of the ring located 
at ≈3.5 Å (the interpretation of SAED pattern for C based thin films will be considered in the 
following chapter).      

Figure 20 a)–c): CNx thin films deposited by HiPIMS on different 
substrates in 14 %N2/Ar at Ts = 430°C a) cross-sectional image with 
SAED pattern of CNx deposited on Si, b) cross-sectional image of 
CNx deposited on SiO2, and c) plan-view image with corresponding 
SAED pattern of CNx deposited on NaCl. 
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3.1.2 Interpretation of TEM Images and SAED Pattern  

The interpretation of TEM images in the case of carbon based thin films can be rather 
demanding as FL structured and purely amorphous films vary only in nanometer sized features. 
Carbon-based thin films analyzed in this study exhibit either an amorphous or a FL-structure 
(cf. figure 20 a)-c) and 22 a)-d)). Thus, in order to access the microstructure of the 
synthesized films, TEM imaging in combination with SAED is the analyzing method of choice, 
as this combination secures the most reliable information on the microstructure. For example 
broad, diffuse SAED rings (with a full width at half maximum (FWHM) of 0.1 Å-1 - 0.2 Å-1) as 
well as ring diameters of ≈1.15 Å and ≈2.15 Å are typical for amorphous carbon allotropes 
[133]. On the other hand, a diffraction ring corresponding to ≈3.5 Å indicates that the 
graphite or fullerene like short range ordering is present in the films [133].  

In order to determine whether 
carbon based thin films exhibit an 
amorphous or near range ordered 
microstructure, the individual first and 
second SAED rings (at ≈3.5 - 4 Å and ≈2 Å) 
are compared by extracting an intensity map 
(figure 21). The background intensity is 
subtracted first, in a next step the intensity 
peaks are integrated and then set into 
relation (I3.5Å/I2Å). This yields a quantitative 
parameter for the comparison and evaluation 
of the microstructure [133]. Generally, more 
distinct FL structures are observed with 
increasing I3.5Å/I2Å.  

Strikingly, the SAED pattern and the 
related intensity map in figure 21 show a 
change in the position of the inner ring (≈4 
Å). For FL-CNx deposited in DCMS it was 
observed at ≈3.5 Å microstructures. This 
shift can be related to an increased amount 
of intercalated N [134], which in turn is 
ascribed to elevated N particle energies in 
HiPIMS processes (chapter 5.2.1, PAPER IV)  

A combined analysis using cross-
sectional TEM imaging (figure 22 a)-d), left 
half of the figure segment) and SAED (right 

half of the figure segment) is exemplified in figure 22 a)–d). All films were deposited by 
HiPIMS at a process pressure of 400 mPa. The figure presents the influences of the different 
process settings (Ts and EpP) on the CNx film microstructure.  Additionally, the microstructure 
of an a-C thin film, produced in pure Ar at Ts = 110 °C is presented in a).  Figure 22 b) shows 

Figure 21: Plan-view HRTEM and SAED with 
intensity map for a CNx thin film deposited with 
reactive HiPIMS, in 14 % N2/Ar at Ts = 430°C. 
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a CNx thin film prepared with a N2 content of 14 % in the sputter gas and TS =110 °C. This 
film appears amorphous, but exhibits a directed short range ordered microstructure, indicted 
by a well developed broad dot/ring segment instead of the ≈3.5 Å ring in the SAED pattern. 
The lower panel shows a comparison of two CNx film microstructures deposited at 430 °C 
and with a N2 content of 14 % in the sputter gas, but with different pulse energies. For the 
CNx thin film deposited by a low EpP of 2.1 J (figure 22 c)) no definite conclusion about the 
fullerene-likeness can be drawn as the SAED pattern was not suitable for data evaluation. A 
FL-CNx film is shown in figure 22 d), obtained for a EpP of 4.5 J during deposition. It is 
conceivable from figure 22 a) – d) that both, the TEM image as well as the SAED pattern, are 
complementary and necessary for a complete assessment of the microstructural evolution in 
carbon based thin films. 

 

 

Figure 22 a)–d): Cross-sectional HRTEM images with 
corresponding SAED patterns of C and CNx thin films deposited by 
HiPIMS: a) a-C, Ts = 110 °C, b) CNx, 14 % N2/Ar, Ts = 110 °C, c) 
CNx, 14 % N2/Ar, Ts = 430 °C, and a pulse energy (EpP) of 2.1 J, as 
well as d) CNx, 14 % N2/Ar, Ts = 430 °C, EpP = 4.5 J. The strongest 
FL-texture is seen in d) (reprinted with permission [6], PAPER IV). 
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3.2 X-Ray Photoelectron Spectroscopy  

3.2.1 Basic Principle 

X-ray photoelectron spectroscopy (XPS) provides information about the chemical 
structure and composition of a sample surface. In order to characterize carbon-based thin 
films, particularly FL-CNx, this technique has been extensively applied during the past 15 
years, as XPS presents a depth of information which might be only compared to TEM.  

XPS requires UHV conditions. Here, an X-ray beam (usually monochromatic Al Kαα of 
1486.6 eV or Mg Kαα of 1253.6 eV) is used to irradiate a sample. The photon energy (hν) is 
transferred to a core electron. As a result, a photoelectron is emitted and its kinetic energy 
(Ekin) is measured. The photoelectron’s kinetic energy depends on the potential barrier it had 
to “conquer” in order to escape the atomic arrangement and to leave the sample. This energy 
barrier generally consists of two different components; the core electron’s binding energy (EB),  
which is material specific and the work function (ϕ) of the spectrometer. Thus, the binding 
energy is calculated according to: 

KinB EhE −−= ϕν . (5) 

The EB of the core electron is not only element specific (electronic configuration), it also 
depends on the chemical environment of the source atom (chemical structure). The valence 
charge density of the atom changes as the chemical bond is formed and results in a binding 
energy shift (chemical shift). If electrons are withdrawn from the atom by bond formation (i.e. 
for carbon bonded to oxygen or fluorine) the EB of the observed core electron will increase. 
On the other hand, an addition of electrons (i.e. carbon bonded to a metal such as Ti or Cr) 
results in a better electrostatic shielding of the nuclear charge, thus EB of a core electron will 
decrease.  

 

3.2.2 XPS Measurements of Carbon Based Thin Films 

As mentioned earlier XPS is a surface sensitive technique due to the fact that the 
inelastic mean free path of the excited photoelectron is in the order of 5 nm – 10 nm. This 
poses certain issues for the assessment of the results as the sample surface chemistry is often 
altered due to reactions with the ambient. To overcome this problem several pre-treatment 
scenarios are possible. For instance, a so called sputter cleaning can be performed where a 
noble gas21  ion or a C60 buckyball beam with energies ranging from 0.2 keV to 10 keV 
bombards the sample surface eliminating thereby undesired surface contamination. This 
method is frequently applied not only for cleaning, but also for a sputter depth profile in order 
to investigate the evolution of chemical composition and structure with film thickness. Here, 
either alternating or continuous sequences consisting of sputter etching and measurement are 

                                                 
 
21 Commonly, an Ar+ beam is used for sputter cleaning or sputter depth profiling of the sample. 
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used. However, it should be kept in mind that such procedures might lead to structural 
changes or preferential sputtering of one of the constituents. This is observed for carbon-
based thin films exhibiting a sensitive microstructure to ion bombardment [130]. Thus, sputter 
cleaning is only of limited use.  

The destruction of the C matrix is 
demonstrated in figure 23 a) and b), where a 
CFx thin film was investigated prior and after 
sputter cleaning with an Ar+ ion flux energy 
of 500 eV and an incident angle of 20° 
relative to the sample surface for 60 s. As 
can be seen, even with very gentle sputter 
clean settings (low Ar+ energy and low 
incident angle of the Ar+ beam) the 
components of the C1s spectra broaden and 
appear not as resolved anymore.  

Another concern in XPS 
measurements is related to the conductivity 
of the samples. Poorly conducting materials, 
such as CNx and CFx are likely to charge 
during XPS measurements this is due to the 
continuous removal of photoelectrons that 
are not easily replaceable. In consequence 
the spectra shift towards higher binding 
energies and peak broadening may be 
observed. This can be compensated using a 
flood gun 22  during data acquisition. The 
effect of charge compensation with regards 
to the peak shifts and spectra quality is 
presented in figure 24 a)-d). Here, C1s and 

F1s spectra of an isolating CF0.35 thin film were acquired for different flood gun settings. In 
particular the emission current (corresponding to the number of emitted electrons) and charge 
balance (corresponding to the kinetic energy of the electrons) of the flood gun were varied. 
Figure 24 a)-d) demonstrates the importance of optimal values for the charge compensation, 
as an under compensation of both, emission current and charge balance leads to broad, 
shifted spectra, and even new components (cf. figure 24 b)). Over compensation, on the other 
hand, leads to asymmetric peaks (cf. figure 24 d)). Moreover, lateral and vertical differential 
sample charging may be a matter of concern when large X-ray apertures and very thick 
insulating films (on conductive substrates), respectively, are investigated. Since charge 
compensation usually implicates peak shifts, the whole spectrum is referenced during peak 

                                                 
 
22 A flood gun is a device that emits electrons, which are accelerated towards the sample surface.  

Figure 23 a) and b): XPS C1s (a)) and F1s (b)) 
spectra of a CF0.33   thin film prior to (with 
indicated peak deconvolution) and after sputter 
clean employing an 500 eV Ar+ beam. 
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analysis to a specific, well-known signal, e.g. the C1s peak from aliphatic carbon, located at 
EB between 284.5 eV - 285 eV.  

 

3.2.3 Peak Fitting  

A correct peak fit and peak assignment is not only crucial for a closer investigation of 
the chemical environment of carbon based thin films, it is also important in order to relate 
deposition characteristics to chemical features of the grown thin film. During peak fitting a set 
of components is created that should reflect theoretical concerns such as the expected number 
of different bonds, chemical shifts of those bonds, and a possible dependence between the 
components in terms of abundance and/or chemical shift. The following considerations were 
taken into account in developing peak fit models for carbon based thin films [135];  

(i)  The choice of a suitable background type. There are numerous background types 
available in XPS fitting software, however, most often a linear or a Shirley-type 
background is chosen. The applied background influences also the choice of line 
shapes. For example, a Shirley-type background reduces the asymmetry of the 
components. 

(ii)  A suitable line shape in order to fit the observed components of the core level spectra. 
Line shapes are to a great extent dependant on the experimental set up; Kα photon 
sources and photoionization lifetime effects are best described by a Lorentzian line 
shape [135]. For the latter a slight asymmetry towards higher binding energy 
(Doniach-Sunjic line shape [136]) may be observed. Contributions from instrumental 
resolution and the chemical disorder are of a Gaussian peak shape [137]. Thus, a 

Figure 24 a)-d): XPS C1s (a), c)) and F1s (b), d)) spectra acquired from a 
CF0.35 thin film under different conditions for charge compensation. 
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blend of Gaussian and Lorentzian line shapes (Voigt peak shape, where the Lorentzian 
component can be as high as to 30 %) is commonly used to fit contributions of the 
acquired core level spectra.    

(iii) The FWHM of each component should match the instrumental and material 
expectations as well as previously reported data. For example, the analysis of a 
polymer in a well maintained XPS instrument should yield far lower FWHM as i.e. 
amorphous carbon based thin films, where the stochastic nature of the bond-
formation lacks a repetition of the “unit cell” as is the case for polymers  

(iv)  The number of components in the peak fit model should be reasonable, in the best 
case represent the number of observed features in the core level spectra. 

For pure a-C thin films the graphitic component (C-C/C-CH) in the C1s region is 
established to be asymmetric [136, 137]. Therefore, the C1s region of a-C thin films is 
described with a peak fit model employing a linear background, an asymmetric peak shape23 
for the graphitic peak (C-C sp2/C-CH) as well as Voigt peak shapes for all other components 
in the core level spectra. In contrast to [138] for the here investigated CFx thin films, an 

                                                 
 
23 A combination of a Doniach-Sunjic peak shape towards higher binding energy and a Voigt peak 
shape towards lower binding energy. 

Figure 25 a)–d): Comparison of two peak fit models employing a), 
and c): an asymmetric peak shape for the C-C/C-CF component 
(dashed area) together with a linear background and b) and d) a 
symmetric peak shape for the C-C/C-CF component (dashed area) 
together with a Shirley-type background. C1s core level spectra 
were acquired from CFx films after sputter cleaning (500 eV Ar+, at 
an incidence angle 20°, for 60 s). 
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asymmetric peak shape for the C-C/C-CF component (figure 25 a) and c), dashed area) results 
in a significant non-physical reduction of the component resembling the CF/C-CF2 bonds. This 
effect is even more pronounced at elevated F contents in the thin films, as exemplified in 
figure 25 a)-d). Here, the C1s region of two different CFx thin films, with medium and high F 
content, were fitted applying an asymmetric23 (a) and c)) and a symmetric (Voigt peak shape, 
b) and d)) peak shape for the C-C/C-CF component (dashed area). In the case of an 
asymmetric peak style an increased significance of the asymmetric tail (figure a) and c)) is 
observed for high F contents in the thin films, since the C-C/C-CF component broadens. This 
in turn, results in relative increase of the C-C/C-CF peak area and a decreased area of the C-
F/C-CF2 component. Thus, symmetric peak shapes are considered to represent the bond-realty 
better than asymmetric peak shapes in carbon based thin films.    

 

3.2.4 The Different Bonding Types in CFx and CNx Thin Films 

The F1s peak acquired for CFx thin 
films deposited in both reactive precursors - 
C4F8 and CF4 - shows insufficiently distinct 
features and is therefore not capable to 
provide a deeper understanding of the 
chemical structure of the carbon compound. 
The C1s peak, however, shows pronounced 
features in dependence of the fluorine 
content of the films as shown in PAPERS I 
and III. This is exemplified in figure 26, 
where the C1s spectrum for a CFx thin film 
is shown. The film was deposited by reactive 
HiPIMS using CF4 as reactive gas and 
contains 23 at% fluorine. The spectrum 
shows the peak fit model including the 
Shirley-type background. As can be seen in 
figure 26 the C1s spectra is fitted into the 

CFn/C-CFn+1 (n = 1 - 4) bonding regions due to  

(i)  The variety of possible bonding types between carbon and fluorine,  

(ii)  The stochastic nature of the bond-formation process (the lack of repeating unit cell 
like in the case of polymers) and  

(iii)  The presence of nearest-neighbor effects. For example, the region in figure 26 
assigned to CF includes contributions from carbon atoms bonded to fluorine and 
contributions from those carbon atoms that are bonded to CF2 (secondary chemical 
shifts).  

This approach results in somewhat broader component peaks with a FWHM not higher than 
2.2 eV. The following bonding types within the C1s spectra are identified for CFx films 
(PAPERS I, III, [3]): C-C sp2/C-CF at 285 eV, C-C sp3/C-CF at 286.00 eV ± 0.05 eV, CF/C-CF2 
at 287.35 eV ± 0.15 eV, CF2/C-CF3 at 289.75 eV ± 0.25 eV, and CF3 at 292.10 eV ± 0.40 eV. 

Figure 26: XPS C1s spectrum of a CF0.23 film with 
indicated peak deconvolution (reprinted with 
permission from [3], PAPER I). 
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A slight shift towards lower binding energies of the CF/C-CF2 and CF2/C-CF3 components is 
observed for CFx thin films with F contents above 26 at%. This can be attributed to an 
increased amount of C affected by the neighboring carbon atom bonded to fluorine. The here 
applied peak assignments are in agreement with results reported in [139-145]. 

Unlike CFx, the C1s spectra acquired 
for CNx thin films show hardly any features 
that could add to a direct and deeper 
understanding of the chemical structure. For 
these films, N1s core level spectra were 
chosen for closer data evaluation. Figure 27 
presents examples for the N1s region of CNx 
films prepared by HiPIMS at different 
deposition temperatures. As can be seen the 
N1s spectra shows one distinct peak 
consisting of at least two contributions [54, 
105, 146-151], where  

- P1 (at 400.2 eV - 400.7 eV) is assigned to 
N bonded to three C atoms in a sp2-
hybridized manner, implying that nitrogen is 
substitutional bonded in extended graphene 
sheets (to sp2 hybridized C).  

- P2 (397.7 eV - 399 eV) is controversy  
discussed in literature but arises most 
probably due to bonds that account for 
cross-linking or an increased disorder of the 

microstructure and is thus likely to be observed at the periphery of a graphene sheet and next 
to defects. Therefore, P2 is assigned to a combination of different bond types; a contribution 
from nitrogen bonded in a pyridine-like structure, where N is sp2-hybridized and forms two 
bonds to carbon atoms as well as N bonded in a sp3 hybridized manner to C (which may also 
be sp3 hybridized).  

- P3 (≈403 eV) a minor contribution is often assigned to N-O bonds, which is here most likely, 
while the assignments in literature are manifold [54].    

Hellgren et al. [51, 56] and Neidhardt et al. [147] were able to relate the FL-CNx 
microstructure to an elevated P1/P2 ratio. Considering the peak assignments of P1 and P2, an 
increased P1/P2 ration means that N is bonded preferably in extended graphene sheets and 
only small amounts of N contribute to the disruption of the graphene sheets resulting in low 
disorder, thus the FL appearance is distinct. However, taking only the P1/P2 ratios into 
account for an assessment of the CNx microstructure may not be satisfactory. Combined TEM 
and XPS investigations revealed that the FWHM of P1 and P2 as well as the peak separation 
of P1 and P2 should be regarded as well. A less ordered structure usually goes along with 
wide and merging main contributions [7, 146] (PAPER V, VI). In consequence of these criteria, 
it can be inferred from figure 27 that a FL structure is expected for the film deposited at 430 
°C.   

 

Figure 27: XPS N1s spectra with indicated peak 
deconvolution for CNx films deposited with 
HiPIMS at different temperatures in 14 % N2/Ar.  
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3.3 Raman Spectroscopy  

3.3.1 Basic Principle  

Together with IR spectroscopy (infrared spectroscopy), Raman spectroscopy is the 
most common spectroscopy technique, sensitive to molecular or crystal vibrations and thereby 
providing additional information to fingerprint species. As monochromatic light - in case of 
Raman spectroscopy, laser light - hits the sample and interacts with molecular or crystal 
vibrations (commonly called phonons in the latter case), Raman scattering occurs. As a 
consequence of the inelastic Raman scattering process, scattered photons are downshifted in 
energy with respect to the incident photons by an amount equal to the energy of molecular or 
lattice vibrations - the Stokes scattering. In case the transition starts from an excited 
vibrational state and ends in the ground state, the scattered photons gain energy and the so 
called antiStokes scattering occurs. The resulting Raman spectra contain a variety of lines or 
bands, where the peaks are shifted from the incident photon energy by the energy-equivalent 
correlated to the “energetic cost” to excite molecular vibrations.  

Raman cross sections, determining the scattering probability, are usually small. Since 
the signal is proportional to the excited volume, very thin flat films pose difficulties due to 
their decreased volume. Therefore, the measuring equipment consisting of laser, sampling 
optics and filters as well as monochromator and detector uses state-of-art components. On the 
other hand, Raman spectroscopy is a simple technique as it does not require vacuum or a 
specific sample preparation; the measurement is fast and ideally non-destructive. Furthermore, 
it applies for most types of samples, whether these are solids, liquids or gases.  

 

3.3.2 Raman Spectroscopy of CNx and CFx Thin Films  

Ferrari [152] reviewed Raman spectroscopy of graphene and graphite and putted the 
matter spot on in writing: “The toll for the simplicity of Raman measurements is paid when it 
comes to spectral interpretation. The Raman spectra of all carbon systems show only a few 
prominent features, no matter the final structure, be it a conjugated polymer or a fullerene. 
The spectra appear deceivingly simple: just a couple of very intense bands in the 1000–2000 
cm−1 region and few other second-order modulations. However, their shape, intensity and 
positions allow to distinguish a hard amorphous carbon, from a metallic nanotube, giving as 
much information as that obtained by a combination of other lengthy and destructive 
approaches.”   

The spectra of films presented in this work (PAPER I, [3]) show always contributions 
from two bands in various ratios which are, depending on the deposition parameters, more or 
less well resolved (figure 28); the D (disorder) mode at lower Raman shifts of ≈1350 cm-1 and 
the G (graphitic) mode at ≈1600 cm-1. In this excitation region, the Raman spectrum contains 
both contributions due to sp2 vibrations and sp3 C-C vibrations. The G band is due to the C-C 
sp2 (in-plane) bond stretching vibrations. This band is observed in aromatic structures or chain 
structures. The D peak, on the other hand, appears due to the breathing motion of sp2- rings. 
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It is not observed in fully amorphous or 
crystalline graphite spectra. The degree of 
disorder is associated with the intensity ratio 
I(D)/ I(G), which increases with a higher 
degree of ordering as reported for FL-CNx 
[52]. However, the origin and the way of 
interpretation of these bands were discussed 
for several decades, and still, aspects remain 
that need clarification.  

It should be noted that a 
modification of CFx samples was observed 
for a laser powers above ≈30 mW at a spot 
diameter of ≈100 µm. Thus, in order to 
avoid unintended modifications of the bond 
structure in carbon based thin films the laser 

power should be kept below 3.8 MW/m2. Additionally, a possible modification of the CNx 
bond structure by laser powers higher than 0.4 MW/m2 was reported by [52]. 

  

3.4 Elastic Recoil Detection  

3.4.1 Basic Principle  

Elastic recoil detection (ERD) is a widely used ion beam analysis technique in material 
science to acquire depth profiles on the elemental concentration of a sample. Highly energetic 
ions - the projectiles - in MeV range are used to recoil the sample atoms in forward direction. 
ERD analyses (ERDA) are suited best for samples consisting of lighter elements.  

As the incident ion beam strikes the sample, atoms are knocked out of the so called 
target material (the sample). This collision is assumed to be fully elastic, hence the energy 
transfer can be described with equation (6);  

PERR EkE ⋅= ,          (6) 

where ER resembles energy of the recoil and EP the energy of the incident projectile. The 
kinematic factor for elastic recoils kER can be expressed as shown in equation (7), under 
consideration of the recoil angle θR;  

( ) R
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4 θ
MM
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k
+

⋅= ,        (7) 

where MP  and MR resemble the projectiles’ and the recoils’ masses, respectively.  

For films in the presented work, the time-of-flight (TOF) method was used to identify 
the elements; here the recoils’ velocity is used to distinguish between the particles` masses 
possessing an equal energy. This discrimination of the elements is usually done with atoms 

Figure 28: Raman spectra obtained from a-C and 
CNx thin films prepared by HiPIMS in Ar and 
N2/Ar atmosphere. 
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recoiled from the sample surface. The recoils’ energy is measured with a surface barrier 
detector and the energy-depth dependence is usually analyzed with special software since the 
energy of the recoils, is also dependant on the depth of their origin in the thin film. In order 
to describe and quantify ERD measurements, three physical concepts are important [153];  

(i) The energy transfer from the highly energetic beam to the sample atoms, which is 
usually described by a kinematic factor applying an elastic collision model (6) and (7).  

(ii) The probability of one scattering event to take place is described by the differential 
scattering cross section.  

(iii) The depth scale is accounted for with the average energy loss (stopping power) of the 
incident ions and the sample atoms as these traverse the sample. The average 
variation of the energy loss is described by the energy straggling.  

 

3.4.2 ERDA of CNx and CFx Thin Films  

The nature of the investigated 
samples (involving low elemental masses), 
the simultaneous multi-elemental depth 
profiling with an excellent sensitivity and at 
the same time fair depth resolution as well 
as the fact that H can be probed, presents 
ERD as a suitable method to analyze carbon 
based thin films.  

However, when applying ERDA for 
carbon based thin films a film modification 
is observed, resulting in a misestimation of 
the N or F, as well as C and contaminant 
contents. The film modification is ascribed to 
the high energy deposited by the ion beam 
as function of the analysis time. Such 
modifications are considered as a serious 
disadvantage of the method, since these can 
only be overcome with the reduction of the 
analysis time. Thus, a reduced reliability of 
the results, especially for element 
occurrences of < 2 at%, is the toll to be paid.  

A possible scenario accounting for a 
film modification by analysis time can be 
pictures as follows: The bonding structure of 
the thin film may weaken by the energy 
deposited due to incident ion beam. The 

Figure 29: Nitrogen content in CNx thin films in 
dependence of the analysis time for different Ts, 
(upper panel) and N2 contents in the sputter gas 
(lower panel).   
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energetic impact is likely to affect various bond types (e.g. sp3 or sp2) within the carbon 
compound matrix to a different extent [27, 130]. Thus, it can be assumed that weaker bonds 
are modified first by the additional energetic impact. Thereupon, weakly bonded elements are 
preferentially recoiled and consequently detected.  

This scenario, if not accounted for, will lead to a misestimation of the elemental 
composition. Worth mentioning is the fact that not all films were equally affected by this 
modification. The impact of the ion beam on the investigated carbon based films was found 
to depend to a great extent on their deposition parameters. As shown in figure 29, higher 
substrate temperatures and lower N2 contents in the sputter gas lead to improved film 
stabilities under ion beam irradiation. Due to the fact that critical deposition parameters for 
the CNx microstructure are defined to be the deposition temperature, the amount of nitrogen 
in the sputter gas, the nature of the inert gas, and the bias voltage, it can be concluded that 
the degree of modification through the ion beam depends on the thin film microstructure. The 
above mentioned deposition parameter for highest film stability coincide with processes 
parameters for the sputter deposition of FL-CNx, where N is substitutional incorporated in the 
graphene sheets rather than at the periphery of the C matrix. CFx thin films showed distinct 
modification under ion beam as F contents exceeded 26 at%, here their increased polymeric 
nature, as described in PAPER I, may be accountable. However, the mechanism leading to a 
modification of carbon based thin films by ion beam irradiation needs further investigations.  

 

3.5 Nanoindentation  

3.5.1 Basic Principle   

Nanoindentation is widely used to probe the nanohardness of thin films with 
thicknesses below 1 µm, thus the local response of small sample volumes (≈1 µm3) is recorded. 
During such measurements a diamond tip applies a steadily increasing load (L) to the sample 
surface, while the indentation depth (h) is recorded through out the experiment, resulting in 
load-displacement curves (figure 30). Very thin films usually require a three-sided Berkovich 
tip with lowest possible tip radii (≈50 nm), due to the fact that the elastic portion of the 
indentation decreases and high effective contact areas (A) are achieved for small apex sizes.  

The film hardness (H) represents a mean pressure and is calculated according to  

A
L

H max= ,         (8) 

where Lmax corresponds to the maximum load applied to the sample and A the effective 
contact area of the tip under load. In order to so, A has to be estimated. Therefore, the tip 
rounding needs to be correctly defined by an area function (Ahc), which is an area – depth 
relation and is established experimentally for a specific indenter tip. This is usually done with 
a material of a well defined hardness and elastic modulus (i.e., fused silica). After applying a 
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set of indentations using different loads Ahc is calculated by (9). Equation 9 usually provides a 
good fit for a wide range of contact depths [154].   

    161
c5

81
c4

41
c3

21
c2c1

2
c0hc

hChChChChChCA +++++=     (9) 

In (9) hc represents the contact depth and C0 the geometry factor (for Berkovich tips C0 = 24.5).  

As samples become thinner, the 
indentation depth needs to be lowered in 
order to avoid substrate effects. As a rule of 
thumb, if the indentation depth exceeds 10 
% to 25 % of the film thickness the 
substrate effects (such as substrate hardness, 
elastic modulus and yield stresses) need to 
be compensated. On the other hand, 
applying too low indentation depths and/or 
high apex radii may result merely in elastic 
contacts. This in turn may lead to a 
misestimation of the film hardness due to a 
missing plastic deformation zone [154] 
(figure 31 a) and b) may give examples for 
the case when too low loads/indentation 
depths were applied). In the context of low 

indentation depths it should be mentioned that a low surfaces roughness of thin film is 
required, in order to estimate the effective contact area correctly.   

 

3.5.2 Nanoindentation of Elastic CNx and CFx Thin Films 

 While the 10 % rule on indentation 
depths is a good approximation for rigid 
materials in order to eliminate substrate 
effects, indentation tests with a reasonable 
indentation depth on elastic materials such 
as CNx and CFx may always be influenced by 
the substrate. As can be seen in figure 31, 
the areas enclosed by the load and unload 
curves are comparatively small (especially for 
very elastic CFx thin films shown in figure 31 
d), and e)), correlating with the plastic work 
induced by the indentation. This implies that 
a large fraction of elastic deformation is 
created and a region of increased stress is 
formed below the indenter. Depending on 

Figure 30: Typical load – displacement curve, 
where Lmax is the maximum load, h the maximum 
depth, hres the residual depth, Wp the plastic work 
and We the elastic work the thin film was 
subjected to during testing. 

Figure 31: Comparison of load-displacement 
curves for different carbon based thin films: a) a-C 
LT, b) CNx LT, c) FL-CNx LT, d) CFx HT, and e)  
CFx LT. 
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the film thickness this stressed area is likely to extend into the substrate. Thus, load 
displacements curves for CNx and CFx thin films can be regarded to reflect a combination of 
film and substrate response.  

Thus, in order to obtain the hardness and reduced modulus of elastic thin films, the 
model suggested by Korsunsky et al. [155] may be appropriate for the analysis. The model 
describes the composite hardness HC as a relation of thin film as well as substrate hardness to 
relative indentation depth. Thus, the composite hardness HC and the reduced composite 
modulus ERC are calculated with equations (10) and (11), respectively.  

2
SF

SC
1 βk

HH
HH

+
−+=          (10) 

2
SF

SRC
1 βk

EE
EE

+
−+= ,        (11) 

where HS and ES are the substrate hardness and modulus, HF and EF are the hardness and 
modulus for the film, respectively. The constant k includes parameters like possible film 
cracking or delamination from the substrate and is described by the fitting of HC over β. The 
relative indentation depth (12) is the quotient resulting from the indentation depth h divided 
by the film thickness t. 

t

h
=β           (12) 

The elastic recovery (ER) of carbon based materials measured under comparable 
conditions may be accessed by the evaluation of the maximum indent depth (h) to the residual 
depth (hres) after unload (13), while the hardness-to-modulus ratio (H/E ratio) may presents as 
more general method to compare the elastic response of thin films [156].    

100%
)( res ⋅−=

h
hh

ER         (13) 

 

3.6 Contact Angle Measurements  

In static contact angle measurements a sessile drop, here de-ionized water, is placed 
on top of the (thin film) surface. The interface between solid, liquid and vapor is recorded by 
a camera, and analyzed subsequently adjusting an appropriate model to the solid/liquid/vapor 
interfaces. The method is illustrated in figure 32. Quantitatively, the measured contact angle 
between solid and liquid represent the inverse of the surface free energy24 as well as wetting 
and adhesion properties. For example, when the contact angle between the thin film surface 
and the liquid is high (> 90°) the surface is generally supposed to possess a low wettability 
and surface energy. Super hydrophobic surfaces, here observed for CFx thin films deposited at 
                                                 
 
24 In literature the surface free energy is sometimes also referred to as surface tension. 
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TS = 430 °C, show contact angles > 150°. 
The surface energy varies to a great extent 
with functional groups at the surface. For 
hydrophobic surfaces, the surface free 
energy, was reported to decrease in the 
sequence -CH2 , -CH3, -CF2, -CF2H, -CF3 
[157]. High surface energies, thus low 
contact angles are observed for i.e., 
oxygenated surfaces for example, the contact 
angle for grown SiO2 is close to zero, 
whereas θ for native SiO was ≈30°.  

In order to quantify the surface free 
energy of a solid from contact angle 
measurements several approaches exist [158] 
based on Young’s equation (14) where the 
equilibrium contact angle (θ) is described by 

the interfacial energies between liquid and vapor (γLV), solid and vapor (γSV) as well as solid 
and liquid (γSL). 

SLSVLV cos γγθγ −= .            (14) 

In (14), γSV and γSL are not easily accessible [158], whereas γLV is either tabulated for given 
liquids and ambient properties or can be measured. A better accessible parameter is the work 
of adhesion (the work required to separate the liquid-solid interface) introduced by Dupré and 
combined with Young’s equation. Furthermore, if θ > 0, experiments showed that γSV ≈ γS and 

γLV ≈ γL can be assumed, thus the Young-
Dupré equation (15) is expressed by 

 )(E θγ cos1Ladh += .  (15) 

The equations above do not account 
for surface roughness [159], or chemical 
(acid-base reactions [160]) and physical 
interactions (mainly van der Waals forces 
[161]) between solid and liquid. In order to 
take physical and chemical interactions into 
account Balkenende et al. [158] discussed 
two methods. However, both approaches 
appear vague and not generally applicable. 

Thus a quantification of the surface free 
energy for the here investigated thin films 
would merely result in a further comparative 
study, where different aspects such as 
surface roughness are still not completely 

Figure 33: SEM cross-sectional images in order to 
compare the morphology of CFx thin films 
deposited in HiPIMS mode at substrate 
temperatures of 110°C (left panel) and 430°C (right 
panel) employing a CF4 partial pressure of 42 mPa.  

Figure 32: Illustration of a static contact angle 
measurement together with the involved quantities; 
the contact angle (θ) and interfacial energies 
between liquid and vapor (γLV), solid and vapor 
(γSV), solid and liquid (γSL). 
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accounted for. Therefore, I am contented in presenting the comparison of static contact angles 
of CFx thin films. In this context it should be mentioned that the CFx morphology varied not 
extensively as presented in figure 33. Here, SEM cross-sectional images are shown for CFx 
thin films deposited at 110 °C and 430 °C employing a CF4 partial pressure of 42 mPa. The 
surface roughness (rms) varied between 0.3 nm ± 0.1 nm and 2.1 nm ± 0.1 nm depending on 
the F-containing gas partial pressure, where a maximum roughness were found for films 
deposited at pC4F8 =11 mPa and pCF4 = 42 mPa (cf. figure 33). Therefore, the presented contact 
angles (PAPER III, and chapter 5.1.2) provide at least qualitatively comparable information on 
the wettability and energy of the CFx surface. Furthermore, the measured contact angles 
together with plasma positive ion mass spectrometry allow conclusions about the surface 
termination of the CFx thin films, due to the above mentioned dependence of functional 
groups at the thin film surface and the surface energy.    

  

3.7 Experimental Details for the Thin Film Characterization  

Transmission electron microscopy was performed on cross-sections and plan-views. 
For the later thin films of less than 50 nm in thickness were deposited on cleaved NaCl 
substrates. These films were floated off in water, rinsed twice and collected on a TEM Cu grid. 
Cross sectional TEM was carried out on cleaved samples [131]. Specimens were examined 
either in a Tecnai G2 TF 20 UT TEM (FEI, The Netherlands) or in a JEOL3010 TEM operated 
at 300 kV. SAED patterns were recorded using a Tecnai G2 TF 20 UT TEM (FEI, The 
Netherlands) or a Philips CM20 TEM (operated at 200 kV) and subsequently processed with a 
diffraction software [162]. By evaluation of the peak intensities of the rings at ≈3.5 Å and ≈2 
Å (I3.5Å and I2Å), the structural evolution of the films (fullerene-like, graphitic or amorphous) 
was extracted from the SAED patterns, as the relative peak intensity ratio ( 2Å3.5Å /II ) describes 

the degree of graphitic short range ordering in carbon based materials [133]. 

In order to study the chemical bonding of carbon based thin films, X-ray 
photoelectron spectroscopy was performed using either a Axis UltraDLD from Kratos 
Analytical (Manchester, UK) or a Quantum 2000 spectrometer from PHI Physical Electronics 
Inc (USA), employing monochromatic Al(Kα) X-ray radiation (hv = 1486.6 eV). The base 
pressure in the Axis UltraDLD analysis chamber during acquisition was < 1×10-7 Pa. The 
experimental conditions were such that the full width at half maximum (FWHM) of Ag3d5/2 
peak from the reference Ag sample was 0.45 eV. XPS core level spectra of the C1s, N1s, F1s, 
and O1s regions were recorded on as-received samples and after a sputter clean for 120s with 
500 eV Ar+ ion beam with a spot size of 3 mm x 3mm at an incidence angle of 70° with 
respect to the surface normal. Gentle sputter clean conditions were chosen to preserve the 
delicate C-N and C-F bonding structure, which was reported to be easily affected [130, 163].  

A slightly higher chamber pressure of ≈1.4×10-6 Pa prevailed in the Quantum 2000 
spectrometer from PHI resulting in a lower spectral resolution. Furthermore, in this instrument  
XPS data of the core levels were recorded without previous sputter clean, due to the fact that 
above mentioned gentle sputter conditions could not be maintained in this system, as the Ar+ 
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ions have an incidence angle of 45° at a minimum energy of 500 eV with a spot size of 2 mm 
x 2 mm.  

In both instruments the automatic charge compensation was applied throughout the 
acquisition, owing to the high electrical resistivity of both C compound films. The acquired 
core level spectra from CNx and CFx thin films were fitted using a Voigt peak shape function 
with the Lorentzian contribution not exceeding 20 % after subtraction of a Shirley-type 
background. The FWHM of these components was restricted to a maximum of 2.2 eV and 
referenced to the C-C/C-CH signal at 285 eV. C1s spectra of a-C thin films were fitted 
according the common convention where a linear background is subtracted and the 
component assigned to the C-C (C-CH) bond fitted employing a combination between a 
Doniach-Sunjic line shape towards higher binding energy and a Voigt peak shape towards 
lower binding energy. Other components of the C1s spectrum were fitted using a Voigt peak 
shape. Here, the FWHM of the components was restricted to 1.7 eV. All spectra were 
referenced to the C-C (C-CH) bond at 285 eV.  

Raman spectra were obtained at room temperature in near-backscattering geometry 
using a high-resolution single monochromator (Jobin-Yvon HR460) equipped with a CCD 
camera and a notch filter. The 363.8 nm line of an Ar+-ion laser was applied for excitation, 
resulting in ≈30 mW of laser power at the sample and a spot diameter of ≈100 µm. 

The film thickness and thus Rd were determined using cross-sectional scanning 
electron microcopy (SEM, LEO 1550 Gemini, Zeiss, Germany). The areal atomic density, the 
F and N contents, as well as contaminants (H, O) of the carbon based thin films were 
investigated with time-of-flight elastic recoil detection analysis. Here, an 127I9+ ion beam of 
either 36 MeV or 40 MeV energy at 22.5º incidence angle relative to the surface was applied 
[164], [165]. ERDA data were stored event by event and analyzed off-line. Records from the 
first minutes only (yielding sufficient statistics) were considered for evaluation. Using the 
combination of cross-sectional SEM and ToF-ERDA the film density could be determined with 
a maximum experimental error of ± 20 %. 

The mechanical properties of the deposited films were tested in a setup combining an 
atomic force microscope (Nanoscope IIIa, Digital instruments) and a nanoindenter 
(Performech, Hyistron Inc.). Indentation tests were performed using a three-sided Berkovich 
tip (apex radius ≈50 nm), which was calibrated with fused silica. Every thin film was tested in 
the load-controlled mode; applying at first ten indents of decreasing loads between 1500 µN 
and 100 µN and next at least twenty indents utilizing maximum loads of up to 500 µN. From 
those tests, data for evaluation were considered that met the requirement to exhibit a 
maximum indentation depth of 10 % of the film thickness. Data were fitted using the 
Triboscope (Hyistron Inc.) software in the range of 95 % to 20 % of the unload curve. 
Additionally, the model suggested by Korsunsky et al. [155] was used in order to extract the 
composite hardness HC and the reduced composite modulus ERC.  

Water droplet contact angle measurements were performed with a CAM 200 optical 
contact angle meter (KSV Instruments Ltd, Finland) on as-deposited samples as described in 
[166]. A minimum number of three measurements were carried out on each sample. Images 
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of the water droplets were recorded in static mode and evaluated with the CAM2008 (KSV 
CAM optical contact angle and pendant drop surface tension software, KSV Instruments Ltd, 
Finland) software. 
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4 Theoretical Calculations of CFx-Compound Materials 

 

This chapter addresses first computational details, and next the results from theoretical 
calculations together with their interpretation. The theoretical results on the CFx synthesis 

facilitate the interpretation of my experimental results presented in chapter 5.       

 

In the presented work the most abundant growth species and structure-defining 
defects for the CFx film growth using two different precursors were predicted by Cecilia 
Goyenola and Gueorgui K. Gueorguiev (cf. [3, 167], PAPERS I, II, III). Their results are helpful 
in order to interpret experimental results and to get a grasp for the related materials and 
processes at the very beginning.  

The calculations were conducted through the synthetic growth concept (SGC) for the 
modeling of film formation by vapor phase deposition [168]. The framework for the 
calculations is the density functional theory (DFT) within its generalized gradient 
approximation (GGA) as implemented in the Gaussian 03 code [169]. The Perdew-Wang 
exchange and correlation functional (PW91) [170] with the 6-31G** basis set augmented with 
polarization functions were used, as the PW91 functional is known to provide an accurate 
description of the structural and electronic properties of carbon-based thin films [171], [64], 
[172] and other similar systems [173]. The stability of neutral, anionic, and cationic species of 
CmFn (1 ≤ m ≤ 4, and 1 ≤ n ≤ 8) was investigated (including, where applicable, different 
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isomers for the same CmFn stoichiometry) by geometry optimizations and cohesive energy 
calculations.  

The characteristics of structure-defining defects in CFx were addressed by finite 
graphene-like model systems. Here, carbon atoms are substituted by fluorine atoms. 
Simulations involved both geometry optimizations25  and cohesive energy calculations. The 
cohesive energy per atom Ecoh/at of a species is defined as the necessary energy to break the 
system into isolated atoms divided by the sum of carbon (NC), and fluorine atoms (NF) and is 
calculated according to; 

FC

i

isolated
totali,total

coh/at NN

EE
E

+

−
=

∑
       (16) 

where Etotal represents the energy of the relaxed species, and i the index of summation over its 
constituent atoms.  

 

4.1 Prevalent Precursors and Gas-Phase Reactions during 

CFx Thin Film Synthesis 

 The most abundant precursor species are evaluated by their relative stability, assessed 
by their cohesive energies. Moreover, the possible gas phase reactions in which these species 
are involved, including dissociation and recombination in the plasma, need to be considered 
together with their reactions enthalpies26 for neutral species.   

The relaxed structures of the most abundant precursors present in the CF4 and C4F8 

growth environment are presented in figure 34 (PAPERS III). Table 5 lists their structural 
features, cohesive energies per atom for neutrals, as well as the cohesive energies per atom 
for the corresponding cations. The criteria for the precursor selection mentioned above yielded 
the following most relevant precursor species for the CFx film formation;  

(i) Chemically reactive CFn radicals resulting from dissociation of CF4 molecules are CF, 
CF2 and CF3, according to the reactions: 

                                                 
 
25 The expression “Geometry optimizations” describes the computational process conducted to achieve 
the equilibrium structure (corresponding to potential energy minimum) of the system by repetitive 
atomic rearrangements followed by an evaluation of inter atomic forces. When inter-atomic forces and 
correspondingly the potential energy of the model system meet certain pre-defined criteria (minimum 
values), the equilibrium structure is obtained and the process of “geometry optimization” is concluded. 
26  The relatively high enthalpy values should be seen in the context of the high reactivity of F 
containing precursor species, most of which possess dangling bonds, and are only used for comparative 
purposes. Enthalpy differences reflect the change in enthalpy between initial and final steps of multi-
step reactions. 
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As can be concluded from the corresponding 
Ecoh/at (table 5), their reactivity decreases and 
their abundance increases in the sequence 
CF, CF2, and CF3. This trend is corroborated 
by the calculated reaction enthalpies. Despite 
the fact that CF3 should be the most 
abundant fragment, its influence during film 
formation may be less significant compared 
to CF2 and CF due to its reduced reactivity 
[174] in combination with a single dangling 
bond. CF2, on the other hand, follows in 
abundance, possesses a higher reactivity and 
two dangling bonds, which should result in a 
higher impact on the growth of the CFx films.  

(ii) Chemically reactive CmFn radicals, due to dissociation of C4F8 molecules are CF, CF2, 
C2F4 and C2F2 , as a consequence of, but not restricted to, the following reactions: 
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The stability of the precursors, judged by their Ecoh/at, increases according to the sequence CF, 
CF2, C2F4, and C2F2, thus their reactivity should decrease in the same way. Even though CF2 
does not possess the highest Ecoh/at, it is expected to be highly abundant due to the many 
different dissociation reaction paths leading to its formation. Moreover, the dissociation of 
C2F4 into two CF2 radicals does not require much energy compared to other dissociation 
reaction pathways, hence the concentration of CF2 will increase in detriment of the C2F4 
concentration, as indicated with the last reaction in parenthesize.  

From both the stability relations and the reactions described above, it follows that CF2 and 
C2F2 are predicted to be the most abundant precursors, followed by CF and C2F4. Among 
these four species, CF and CF2 are expected to have the largest impact on the CFx film 
formation since they exhibit a high ratio between the number of dangling bonds and the 

CF4 C4F8

C

F

CF CF2                               C2F2
(a) C2F2

(b)

CF3 C2F4                                        C2F5

CF4 C4F8

C

F

CF CF2                               C2F2
(a) C2F2

(b)

CF3 C2F4                                        C2F5

Figure 34: Relaxed conformations of reactive gas 
molecules, CF4 and C4F8, and most relevant 
precursor species. For C2F2, two isomers were 
found to be stable and are referred to with the 
superscripts (a) and (b) (PAPER III).  
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number of atoms. In the specific case of C2F2
(b) (“a” and “b” indicate two different isomers of 

the same species, cf. figure 34), which has dangling bonds on one of the C atoms, the larger 
group formed by its other C atom together with its F substituents may effectively prevent 
other species from interaction with the remaining dangling bond, thus decreasing its impact 
on the CFx growth.  

It is worth mentioning that other large fragments of the C4F8 molecule were studied 
theoretically and may also be present in the C4F8 plasma. However, the discussion is restricted 
to those fragments described above, since fragments lager than C2F5 are experimentally not 
observed in the presented study. Fragments larger than C2F5 may appear as a first step in the 
dissociation of the C4F8 molecule, but they may further dissociate into smaller fragments. 
Such multi-step dissociation reactions are accounted for in the reactions presented above, or 
in a combination of them.  

(iii)  In the C4F8
(1)

 and CF4
(2) containing plasmas, precursor species also form through the 

following recombination reactions: 
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Given the number of species present in the plasma, the recombination reactions that may 
occur are many and diverse. As a first approximation, only reactions that include one collision 
between two fragments are considered above. Smaller species possess more dangling bonds 
per number of atoms, which, in turn, increases the probability of a reaction after a collision. 
Likewise, the probability of recombination involving two larger species is lower. As a 
consequence, it is expected that single atoms as well as the smallest fragments (CF, CF2, and 
to a lower extent CF3) participate most actively in recombination reactions. These 
considerations point towards an increased concentration of middle-sized species in the CFx 
growth environment.  

(iv) The presence of the F2 molecule in the deposition chamber during CFx growth results 
from secondary recombination reactions.   

(v)  The C2 dimer is a usual precursor arising during deposition by reactive magnetron 
sputtering of carbon-based thin films, such as FL-CNx and FL-CPx [59], [175]. 
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The results on the abundance and role of the precursor species during the growth of 
CFx films are in agreement with reports for experimental detection of the theoretically 
predicted species, namely C2 [59], C2F2 [176], and CFn radicals [174]. 

In summary, the growing thin film synthesized by reactive magnetron sputtering in 
CF4 ambient, should be most influenced by CF and CF2 radicals, and to a lower extent C and 
F atoms as well as CF3. When C4F8 is used as a reactive gas, the C2F4 fragment is added to the 
list of precursors with a significant impact on the growing thin film. 

Table 5: Structural features and Ecoh/at for the parent molecules and CmFn precursor species 
as shown in Figure 34. (t) indicates that tetrahedral C is considered, for structures that 
include C atoms with different geometries. Values on bond angle and bond length for 
cationic species do not differ to a great extent from the values calculated for their neutral 
counterparts (not shown, PAPER III, altered) 

 

4.2  Structure-Defining Defects in the CFx-Compound Matrix 

The following structure-defining defects induced by substitution of a carbon atom by 
a fluorine atom in the graphene-like network were obtained for the CFx compound (figure 35 
a) and b) the left panels show model systems before optimization):  

(i)  Large N-member (N = 8 – 12) rings (figure 35 a)) gives an example on an eight 
member ring) with one of its carbon atoms bonded to a fluorine atom, thus, creating a 
reactive site in the network. As the inset in figure 35 a) illustrates, a C-F bond rotation is 
present representing a possible cross-link between adjacent graphene-like sheets. The gain in 
Ecoh/at resulting from the opening of the large 8-member ring is ∆Ecoh/at = 0.405 eV/at; 

Neutral species Cation species Precursor 
Bond length [Å] Bond angle [°] Ecoh/at [eV/at] Ecoh/at [eV/at] 

C4F8 
C-F 1.35 
C-C 1.58 

 5.54  

CF4 1.34  4.94 - 

CF 1.30 - 3.81 - 

CF2 1.33 103.9 4.77 1.17 

C2F2
(a) 

C-C 1.20 
C-F 1.30 

(linear) 5.58 2.96 

C2F2
(b) 

C-C 1.36 
C-F 1.33 

FCF 114.4 5.206 2.63 

CF3 1.34 FCF 111.1 4.67 2.52 

C2F4 
C-C 1.34 
C-F 1.33 

FCF 114.0 
(planar) 

5.352 3.82 

C2F5 
C-C 1.48 
C-F 1.33 

C-F(t) 1.35 

FCF 115.8  
FCF(t) 108.8 

5.072 3.87 
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(ii)  A defect by branching of the system 
resulting in two symmetric arms of carbon 
chains. Again, a C-F bond rotation is 
observed (figure 35 b)). The branching 
introduces an increased reactivity and a less 
ordered network. ∆Ecoh/at in this case is 0.383 
eV/at. 

 Large N-member rings and branching can 
arise from different initial structural 
configurations including any combination of 
defects (pentagons, double pentagons, 
Stone-Wales defects, and even tetragons) in 
the sense of SGC [171, 175].  Therefore, the 
above discussed structure-defining defects 
appear as predominant features in CFx. Both 
features contribute to intermixing of sp3 and 
sp hybridization with the initial sp2 
hybridization of a pure graphene-like 
network. This leads to an amorphous system, 
especially if the F content in the film exceeds 

15 at%. However, a strongly interlinked fullerene-like structure, similar to that of FL-CPx 
[175], cannot be excluded at lower fluorine contents, due to the structural pattern indicated by 
the large-ring defects.  

Figure 35 a) and b): a) F-containing coronene 
model system evolving to an 8-member ring 
conformation after relaxation and b) F-containing 
corannulene system undergoing a branching due to 
the disruption of the C network by an incorporated 
F atom. The inset illustrates the C-F bond rotation 
and the curvature of the model system (PAPER I, 
reprinted with permission from [3], altered). 
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5 Summary of the Results and Contribution to the Field 

 

5.1 CFx Thin Films Prepared by HiPIMS  

PAPERS I - III investigate the synthesis and properties of CFx thin films prepared by 
reactive HiPIMS in CF4/Ar and C4F8/Ar atmospheres. Additionally, the precursor species 
during synthesis and the structural configuration of the CFx-compounds were explored by ab-
initio calculations. The conclusions drawn from modeling and characterization of the sputter 
process are set into context with the thin film properties leading to a consistent account for 
CFx-compound materials.     

   

5.1.1 The Synthesis of CFx Thin Films by Reactive HiPIMS in CF4 and 

C4F8 Atmospheres  

Generally, the evaluation of the synthesis processes and the thin film properties 
suggest two different deposition and film property regimes. As will be shown below, the 
characteristics of each regime change to a great extent.  

The close evaluation of the current waveforms (PAPERS I and III, cf. figure 36 a) and a)) 
revealed that, apart from a pulsed assisted chemical sputtering occurring at the target, in C4F8-
containing plasmas an ionization cascade starts at partial pressures above 11 mPa (figure 36 
a)), whereas in CF4-containing plasmas an ionization cascade is progressing as the CF4 partial 
pressure rises above 42 mPa (figure 36 b)). This is attributed to the low ionization potential 
and increased total ionization cross section of C4F8 compared to CF4. Time averaged positive 
ion mass spectrometry carried out in C4F8 and CF4 containing HiPIMS processes corroborate 
these findings (PAPER III); for discharges in C4F8-containing plasmas the ionization cascade > 
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11 mPa results in an enhanced production of 
CF+ (figure 37 a)), whereas the discharge in 
CF4/Ar the formation of particularly CF3

+
 

picks up at partial pressures > 42 mPa 
(figure 37 b)). The presented data are in very 
good agreement with our theoretical 
calculations on the most abundant precursors 
in an Ar/CF4 discharge (PAPER III), as these 
predict the abundance of the neutral 
counterparts in the sequence; CF3, followed 
by CF2 and CF. Furthermore, mass 
spectrometry data presented by Choi et al. 
[177] and Mutsukura et al. [178] show 
similar qualitative results. The measurements 
are also supported by a comparison of the 
partial cross sections, reported to be highest 
for CF3 and CF3

+ upon electron impact 
dissociation and dissociative ionization, 
respectively, of the CF4 molecule (tables 3 
and 4). The observations from ion mass 
spectrometry in the C4F8 plasma agree in 
general with our theoretical calculations that 
predicted the abundance of CF, CF2, C2F4, 
and C2F2. As no C2F4 was found in the 
plasma I infer that it dissociated. This, in 
turn is corroborated by the theoretical 
calculations, yielding comparatively low 
energy costs for the formation of two CF2 
radicals through this channel. Another factor 
that may influence the abundance of all 
higher-mass ions is the 1/mass transmission 
function of the mass spectrometer. The 
comparatively high amount of CF3

+ at C4F8 
partial pressures > 11 mPa is ascribed to 
high cross section reported for dissociative 
ionization in combination with the 
comparatively low threshold energy of CF3

+ 
(Table 4), as well as to the possible 
recombination of F and CF2.  

 

 

Figure 37 a) and b): Relative positive ion fluxes in 
dependence of pC4F8 and pCF4 in a) Ar/C4F8 and b) 
Ar/CF4, extracted from time averaged IEDFs of 
corresponding processes (PAPER III).   
 

Figure 36 a) and b): Recorded I(t) in a) Ar/C4F8 
and b) Ar/CF4 discharges with different pC4F8 and 
pCF4. Corresponding insets in a) and b) illustrate Î as 
a function of pC4F8 and pCF4, respectively (PAPER III). 
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5.1.2 Properties of CFx Thin Films 

The above described regimes during 
deposition are mirrored in the thin films, 
particularly with regards to their chemical 
bonding (figure 38 a) and b)) and 
mechanical film properties (figure 39). As 
shown in figure 38 a) the C bonding 
structure of thin films deposited in C4F8 and 
CF4 undergoes a dramatic change as the F 
content exceeds 26 at% (corresponding to 
pC4F8 > 11 mPa and pCF4 > 42 mPa, 
respectively). Additionally, a correlation of 
abundant cations in the plasma and the 
mechanical response is apparent (cf. figure 
37 a), b) and figure 39); next to C+, the CF+ 
radical, is most abundant in the C4F8 
discharges. CF+ (as well as the neutral 
counterpart CF) possesses three dangling 
bonds, is thus reactive and able to build 
strong cross links in the carbon matrix. 
Therefore, the mechanical response of CFx 
films deposited in C4F8 exhibits an elevated 
hardness over a wider range of incorporated 
F (up to 26 at%). In contrast, CF3

+, abundant 
in the Ar /CF4 discharges at already very low 
CF4 partial pressures, possesses only one 
dangling bond (as well as the neutral 
counterpart CF3). Thus, it does not 
significantly contribute to cross linking of 
the growing film, which is mirrored in a 
rapid decrease of the hardness as the F 
content in the films rises. Employing C4F8, 
therefore, poses advantages with regards to 
the controllability of the film properties. CF4 
in turn covers a wider range with regards to 
the applicable process window depending on 
the CF4 content in the plasma; the deposition 
regimes range between a sputter deposition 
where etchants play no significant role to a 
deposition where the F content as well as Rd 
(cf. figure 11 and figure 4 in PAPER III) and 
surface roughness is heavily controlled by 

Figure 38 a) and b): Relative peak area for 
contributions assigned to the C1s region as a 
function of the fluorine content for thin films 
sputtered in a) Ar/C4F8 and b) Ar/CF4 (PAPER III). 
 

Figure 39: Composite hardness (HC) and reduced 
composite modulus (ERC) as a function of the 
fluorine content extracted for CFx films deposited 
in Ar/C4F8 (filled symbols) and Ar/CF4 (open 
symbols, PAPER III). 
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etchants. The latter process can be seen as 
an extreme form of chemical sputtering at 
the substrate. Moreover, the dissociation of 
CF4 into mainly CF3 and F can be utilized for 
surface treatments and their termination 
leading to low surface energies (figure 40), 
especially, thin films sputtered at elevated 
temperatures exhibit a low wettability. 
Therefore, the HiPIMS process in CF4 
presents an easily accessible tool for the 
further functionalization of carbon and 
carbon-based thin films.  

The modeling of structure-defining 
defects upon F incorporation due to either 
CF4 or C4F8 presented two features (a large 
N-member ring and a defect by branching) 
contributing to intermixing of sp3 and sp 

hybridization with the initial sp2 hybridization of a pure graphene-like network. This leads to 
an amorphous system and agrees with experimental results, as TEM images and SAED 
patterns (cf. PAPER I, figure 7a)-d), and PAPER III, figure 8) show that CFx thin films with x > 
0.16 appear to be amorphous. The fact that CFx (0.16 < x < 0.26) thin films exhibited a 
graphitic behavior, whereas CFx thin films containing x > 0.26 were found to appear 
polymeric in nature, allows to conclude that large n-member rings are preferred defects for 
lower F contents, while defects by branching might arise as more and more F is incorporated 
into the matrix.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40: Contact angle as a function of the 
reactive gas partial pressures for CFx films 
deposited in Ar/C4F8 (filled symbols) and Ar/CF4 
(open symbols) applying two different substrate 
temperatures (LT denotes Ts =110 °C and HT; Ts 
= 430°C). 
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5.2 CNx Thin Films prepared by HiPIMS 

The influence of TS, fN2/Ar, deposition pressure (p), Ub, EpP and pulse frequency on the 
morphology, structural evolution, and different film properties (such as nitrogen content, film 
density, hardness, and film stress) of CNx thin films deposited by HiPIMS was investigated. 
Similar to previous studies published for CNx thin films prepared by DCMS, the parameters 
exhibiting the highest impact on CNx film properties and morphology were found to be TS, 
fN2/Ar, and Ub. The deposition pressure influenced the morphology and thin film properties to a 
lower extend, whereas no significant impact, apart from different deposition rates, were found 
for the energy per pulse and pulse frequencies, within the range of investigated process 
setting (the pulse energy was varied between 2.4 J and 6 J, and the frequencies ranged 
between 200 Hz and 500 Hz). A qualitative description of the mentioned process parameters 
on the thin film properties is presented in table 6 and an example regarding the influence of 
different process settings on the hardness of the films is presented in figure 41. 

The very elastic FL-CNx allotrope was observed at TS = 430 °C, low fN2/Ar ranging 
between 0.16 and 0.23, Ub raging between -100 V and -200 V, and p = 400 mPa or lower. 
An observation, which cannot be ascribed to one single deposition parameter, is that the 
structural evolution of FL-CNx may be favored at comparatively low deposition rates rather 
than elevated deposition rates.  
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5.2.1 Synthesis and Properties of CNx Thin Films: HiPIMS vs. DCMS 

PAPER IV compares the synthesis processes and the structural evolution of CNx thin 
films prepared under HiPIMS and DCMS conditions. The report establishes the occurrence of 
a pulsed assisted chemical sputtering at the target as graphite is sputtered in N2/Ar in HiPIMS 
mode. Moreover, positive ion mass spectrometry shows that both sputter modes yield a 
discharge that contains mainly C+, N+, N2

+ as well as Ar+ and to a lower extent CN+ and C2N
+. 

The ion species in HiPIMS processes exhibit higher ion energies and a lower amount of fully 
thermalized ions compared to DCMS (figure 42 d)). As expected, C+ ions exhibit a higher 
abundance of up to one order of magnitude in HiPIMS processing compared to DCMS. 
However, N+-ions dominate the plasma chemistry. This effect is far less pronounced in 
HiPIMS mode (cf. figure 42 a) and c)). Leading to the conclusion that ionization and 
dissociation processes of N2 are not only occurring due to electron impact, as the higher 
degree of C+ should yield more electrons in the HiPIMS plasma and thus an increased N2 
ionization and dissociation (cf. discussion in chapter 2.4.2). Furthermore, the relative (but not 
the absolute) ion flux of the most abundant ionized precursor species is not significantly 
altered by the frequency of the HiPIMS process (cf. figure 42 a) and b)). The comparison on 
the relative ion flux shows further an increased amount of structure-defining CxNy (x, y ≤ 2) 
species in the HiPIMS plasma. This, in combination with the conclusions drawn from the 
evaluation of the target current confirms that chemical sputtering is active at the substrate and 
at target as soon as nitrogen is added to the sputter process.  

Figure 41: Example of different process settings on the compound hardness (Hc) of CNx thin films, 
where, LT and HT represent deposition temperatures of 110 °C and 430 °C, respectively, Ub the bias 
voltage, Uf the floating potential, and fN2/Ar the N2-to-Ar flow ratio.  
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The evaluation of SAED pattern showed a higher ordering towards a FL structure for 
CNx films sputtered in HiPIMS mode at 430 °C compared to CNx thin films sputtered under 
similar DCMS conditions (figure 43). Pure carbon thin films as well as CNx thin films 
deposited at low TS = 110 °C exhibit only slight graphitic short range ordering. In HiPIMS 

processes, apparently an increased amount 
of pre-formed CxNy (x, y ≤ 2) species is 
create by pulse assisted chemical sputtering 
at high temperatures. This promotes the 
formation of FL-CNx, but the comparatively 
high energies detected for N+ and C+ ions in 
the HiPIMS process disturb the FL structure 
by intercalation of N in the films.  

 Strikingly, Rds of both sputter modes 
do not show significant differences (cf. 
chapter 2.4.1 figure 10)).  

 

Figure 42 a)-d): The relative positive ion flux over the N2 content in the sputter gas for different CNx

processes a) HiPIMS, pulse frequency 500 Hz, b) HiPIMS, pulse frequency 300 Hz c) DCMS, and d) 
comparison of IEDFs of C+, Ar+, N+, and N2

+ obtained during time-averaged mass spectrometry for C 
discharges with fN2/Ar = 0.5 in DCMS and HiIMS mode. 
 

Figure 43: HRTEM and SAED pattern with 
indicated I3.5Å/I2Å ratio of CNx cross sections. Thin 
films were deposited under equal conditions in 
HiPIMS (left panel) and DCMS (right panel) modes. 
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5.2.2 The Role of Inert Gases during Reactive HiPIMS and DCMS 

Processes for the Deposition of CNx Thin Films 

The possibilities to control and influence the CNx thin film formation during HiPIMS 
and DCMS upon introducing different inert gases into the reactive process were investigated 
in PAPERS V and VI. The two studies focus on the effects induced by Ne, Ar, and Kr during 
HiPIMS and DCMS processes with regards to plasma parameters as well as the chemical 
bonding and microstructure of CNx thin films.  

Reactive HiPIMS of C in the inert 
gases Ne, Ar, and Kr yield distinctly different 
discharges (PAPER V, figure 44); The I(t) 
discharge characteristics of the inert gases 
show increasing target currents with 
decreasing atomic number, mainly caused by 
different ionization potentials of the inert 
gases  as well as ionization pathways and 
cross sections (cf. chapters 2.3 and 2.4). The 
most abundant precursors in corresponding 
reactive processes are C+, N+, N2

+, single and 
double charged inert gas ions, and to a lower 
extent CN+. The IEDFs of the corresponding 
discharges when no N2 is involved exhibit 
increasing energies with decreasing atomic 
number of the inert gas (figure 45, figures 
3a)-m), and 4a)-m) in PAPER V). As the N2 
content in the C/Ne-HiPIMS discharge 
exceeds 14 %, the energy of C+, Ne+, and N+ 
decrease steadily. The effect of Ne - the high 
electron temperature in the plasma and 
additional Penning ionization of C - vanishes. 
When N2 is added to the Ar and Kr 
processes the energy of the IEDFs increase 
with increasing N2 content in the sputter gas, 
which is ascribed to the slightly higher 
ionization potential of N2 resulting in 
somewhat higher electron temperatures of 

the related N2 rich discharges. However, Ne and Kr containing discharges are more affected 
by the reactive gas than it is the case for Ar. This is attributed to much higher differences of 
the ionization potential and the total ionization cross sections for Ne and Kr with regards to 
N2 and N than it is the case for Ar. The total amount of ions increases in the sequence Kr, Ar, 
and Ne because of the increasing ionization potential that causes a higher electron 
temperature of the corresponding plasma and thus, an improved ionization (cf. table 1, figure 

Figure 44: Target current waveforms for reactive 
HiPIMS processes comparing different N2 contents 
in the inert gases; a) I(t) for discharges carried out 
at Pav = 1800 W in Ne/N2 (bold lines) and in Ar/N2

(thin lines), b) I(t) for discharges carried out at Pav = 
1400 W in Kr/N2 (bold lines) and in Ar/N2 (thin 
lines, PAPER V, altered).  
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45). Additionally, the energy of metastable states increases in the same sequence, which 
allows Ne, and to a lower extent Ar, to Penning ionize and excite N2, implicating a highly 
efficient dissociation.  

The relative, but not the total C+ ion 
flux is highest in case the graphite target is 
sputtered in pure Ar, followed by Ne and Kr. 
Independent from the inert gas, the relative 
C+ flux decreases in reactive sputter mode 
and shows a minimum between 33 % and 
50 % of N2 in the plasma, in consequence of 
increasing N+ and N2

+ fluxes.  

The deposition rates (figure 46) are 
highest as C is sputtered in Kr or Ar 
containing atmosphere, while processes in 
Ne yield the lowest Rd, which is attributed to 
back attraction and to physical re-sputtering 
due to the high amount and energy of the 
particles arriving at the substrate. Reactive 
processes with 14 % N2 in either Ne or Ar 

Figure 45: Time-averaged IEDFs of the most abundant precursor 
species recorded for HiPIMS discharges at Pav = 1800 W in Ne and 
Ne/N2 (Figure 45 a)–f)) and for Ar and Ar/N2 (Figure 45 g)–m)) of 
graphite (PAPER V, reprinted with permission [7]).  
 

Figure 46: Rd for non-reactive (filled squares) and 
reactive processes (14 % N2, open triangles) as 
obtained from the ratio of film thickness and 
deposition time as well as the N nitrogen contents 
([N]) of CNx thin films deposited at TS = 110 °C in 
Ne, Ar, and Kr. 
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yield increased deposition rates compared to the corresponding metallic process, whereas 
similar deposition rates were found for reactive and non-reactive processes involving Kr. The 
amount of incorporated N in the CNx thin films is highest for Ne-containing processes, which 
is attributed to a combination of efficient N2 dissociation and ionization, and N species of high 
energy that lead to an increased probability for incorporated N in a pyridine- and nitrile-like 
manner. Additionally, the relative increase of substitutional bonded N in a sp2-hybridized C 
network with atomic number of the inert gas is established by XPS (figure 50), this implies a 
pronounced FL-structure and is corroborated by TEM and SAED results (figure 47 a)-c)); 
amorphous CNx thin films were obtained for the process in 14 % N2/Ne, whereas gas mixtures 
involving 14 % N2/Ar or 14 % N2/Kr yielded FL-CNx thin films. Ion mass spectrometry, XPS 
and TEM results emphasize the crucial role of moderate particle energies generated in the 
plasma and N-containing precursor species (CxNy, x, y ≤ 2) for the structural evolution of CNx 
thin films.  

Reactive DCMS processes in different inert gases were investigated in a similar 
manner and the results compared to corresponding HiPIMS processes (PAPER VI). The 
comparison of IEDFs recorded for DCMS processes containing Ne, with IEDFS acquired 
during corresponding HiPIMS processes (figure 48 a)-k)) shows that abundant positive ions in 
low N2-containing and metallic sputter processes exhibit equal energies and amounts. This 
effect is ascribed to the higher electron temperature caused by Ne. In contrast to HiPIMS 
discharges, high ion energies vanish completely if 33 % N2 or more is added to the DCMS Ne 
discharge. The presence of Kr does not appear to have high impacts on the discharges in 
either DCMS or HiPIMS mode (figure 49 a)-k)). Here, the observed ion energies are low, 
merely the C+ and to a lower extent N+ show increased energies and abundances in case 
HiPIMS is used. This is an indication of their origin, while C+ is generated at the target, N+ 
originates from both the plasma and the target. Moreover, Kr seems to possess a damping 

Figure 47 a)-c) Cross-sectional HRTEM images with corresponding SAED patterns from CNx 
thin films deposited by HiPIMS at TS = 430 °C in 14 % N2 and different inert gases: a) 14 % 
N2/Ne, b) 14 % N2/Ar, and c): 14 % N2/Kr. SAED labels in c) mark the position of ~1.15 Å and 
~2.1 Å diffuse rings. The arrow indicates the brightest segment of the ~3.5 Å ring, which 
implies a slightly textured graphitic ordering (with preferred orientation of basal planes 
perpendicular to the substrate). The growth direction in the HRTEM images shows upwards. 
The films deposited in Ar and Kr have the most pronounced fullerene-like structure (PAPER V, 
reprinted with permission [7]). 
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effect on ion energies, which is observed throughout the whole range of applied N2/Kr 
mixtures, since only the cation energies of the discharge in pure N2 are significantly higher.  

The effects of the ion energies induced by the different inert gases and sputter modes 
is also mirrored in the microstructural evolution of a-C and CNx thin films deposited at high TS 
= 430 °C; For a-C thin films deposited in Ne by HiPIMS and DCMS a high relative abundance 
of sp3 hybridized C with values of 29 % and 26 %, respectively, was observed by XPS. The 
relative sp3 contents of a-C prepared in Ar and Kr yielded ≈17 % and ≈13 %, respectively, for 
both sputter modes. XPS investigations on CNx thin films sputtered in 14 % N2/Ne in either 
deposition mode give little indication for a microstructural evolution towards a near range 

Figure 48 a)-k): Time-averaged IEDFs of the most abundant precursor species recorded for DCMS 
Figure 48 a)–e)) and HiPIMS (Figure 48 f)–k) discharges of graphite at Pav = 1800 W in Ne and 
Ne/N2 (PAPER VI).  
 

Figure 49 a)-k): Time-averaged IEDFs of the most abundant precursor species recorded for DCMS 
Figure 49 a)–e)) and HiPIMS (Figure 49 f)–k) discharges of graphite at Pav = 1400 W in Kr and Kr/N2

(PAPER VI).  
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order, since the extracted C1/C2 ratios are 
comparatively low (figure 50). Merely, the 
CNx thin film sputtered in 14 % N2/Ne by 
DCMS shows a peak separation of the C1 
and C2 components in the N1s spectrum 
equivalent to what is observed for FL-CNx 
thin films. Strikingly, this is reflected in the 
HRTEM image and SAED pattern acquired 
from the same thin film, suggesting a 
textured microstructure. This result is 
somewhat surprising, since high ion energies 
were observed for the corresponding DCMS 
process, which are understood to result in an 
amorphous microstructure.   

XPS (figure 50), TEM, and SAED 
analysis (PAPER VI) show further the 
evolution towards resilient FL-CNx thin films 
deposited in Ar or Kr containing HiPIMS and 
DCMS processes at elevated TS = 430 °C. 
This is in agreement with the moderate to 
low particle energies observed in the 
corresponding deposition processes. 
Additionally, the moderate N contents of 
these films (≈14 at% for reactive Ar HiPIMS 
and DCMS processes, as well as 13 at% and 
9 at% for  reactive Kr HiPIMS and DCMS 
processes, respectively) support that N is 
substitutional incorporated into the graphene 
matrix.  Moreover, TEM and SAED results 
suggest a FL microstructural evolution for 
CNx deposited in 14 % N2/Kr by HiPIMS at 
TS = 110 °C. 

In summary the study on three 
different inert gases used in metallic and 
reactive HiPIMS and DCMS modes (PAPER 
VI) implies that not only the energy of film-
forming species but also the ratio of carbon-
containing/process gas species, together with 
the abundance of CxNy (x,y, ≤ 2) influence 
the structural evolution of CNx thin films. 
The obtained results suggest that two 
different mechanisms may be accountable 

Figure 50: XPS N1s spectra of CNx thin films 
deposited using reactive DCMS and HiPIMS at 
substrate temperatures of 430 °C (HT) and 110 °C 
(LT) in Ne, Ar, and Kr containing 14 % N2. The 
different deposition parameters, the peak 
deconvolution and the C1/C2 ratios are indicated 
(PAPER VI). 
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for the structural evolution in CNx thin films; one related to a high adatom mobility and 
chemical sputtering and another where cluster in combination with chemical sputtering 
prevails. Furthermore, a wide process window was spanned resulting likewise in various CNx 
thin film microstructures and properties. 
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