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Abstract 

Bonding structure of carbon and metal as well as nanostructural changes of metal-doped 

amorphous carbon films (a-C:Me) were investigated depending on metal type (W, Ti, V, 

Zr), concentration (<25 at%) and annealing temperature (<1300 K, except W: <2800 K). 

Pure C films exhibit ~2 nm distorted aromatic and graphene-like regions. Both increase 

in size with annealing. After deposition the metals have carbide-like bonding and are 

mainly distributed atomically disperse in an amorphous environment. Annealing leads to 

formation of carbide crystallites (TiC, VC, ZrC, WC, W2C, WC1-x) of several nm. The 

VC particles reach the largest size up to 1300 K. All metal dopings reduce the erosion 

rate against oxidation (expect V) and hydrogen impact. 
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1. Introduction 

 

Metal-containing carbon films (a-C:Me, a-C:H:Me) are intensively studies regarding to 

various possible applications [1-21]. Their outstanding tribological and mechanical 

properties, especially wear resistance and hardness, pushed their research forward [2-11]. 

In recent years also their optical and electrical properties as well as their biocompatibility 

got more and more attention [11-21]. Detailed knowledge of the formation of their 

nanostructure is necessary for designing their properties for the different applications.  

 

In the field of nuclear fusion, such metal-containing films appear as by-product due to 

the used mixture of plasma-facing materials (PFM) in existing and future fusion plasma 

devices [22-27]. The PFMs are eroded by intensive energetic particle and high power 

loads. The nowadays used and proposed PFMs for future devices are tungsten, carbon 

and beryllium. 

 

The use of carbon as PFM has been resulted to some breakthroughs in fusion plasma 

physics [28]. But its strong chemical reactivity with hydrogen leads to high erosion 

yields under hydrogen impact and to high hydrogen amounts in deposited films [29,30]. 

This leads to the safety issue of tritium inventory in future fusion plasma devices using 

the mixture of deuterium and tritium – the fuel for a fusion power plant. Therefore, it is 

required that the possibly eroded amount of carbon is minimized, e.g., by limiting the use 

of carbon or by reducing the erosion yield by doping graphite with metal carbides, as it is 

shown for TiC, ZrC or VC [31,32]. For trustable assessments of the tritium inventory, 

basic knowledge about the hydrogen retention behaviour in the used materials as well as 
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in the deposited films is needed. To manage the tritium inventory, removal techniques of 

tritium or even of the complete films, e.g., by oxidation, are considered [29,33,34]. 

 

In order to obtain basic knowledge about the mechanism of the reduced chemical erosion 

of doped graphite as well as the re-erosion of deposited mixed films in fusion plasma 

devices, magnetron sputtered a-C:Me films (Me: W, Ti, V, Zr) with metal concentration 

between 0 and 25 at% are investigated in detail as a model system over the last year 

leading to several publications [35-51]. 

 

This paper reviews and summarises the results of the detailed characterisation regarding 

the distribution of the metal in the a-C:Me films, their clustering and phase formation 

due to annealing as well as the bonding situation in the carbon matrix. Furthermore, 

fusion relevant properties are studied, e.g., erosion and hydrogen retention in the films 

by hydrogen impact as well as their oxidation behaviour. 

 

2. Film production and annealing 

 

2.1. Film production 

 

The studied a-C and a-C:Me films were produced by non-reactive multi source 

magnetron sputter deposition. Argon was used as sputtering gas with a working pressure 

of ~0.5 Pa resulting from controlled Ar influx of 20 sccm (base pressure 2-5x10-5 Pa). A 

RF power of 500 W was applied to the graphite cathode, while the metal cathode was 

operated in DC mode with different powers to achieve a metal concentration ranging 

from 0 to 25 at% metal in the films. Deposition rates of about 0.05 nm/s were reached. 
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The specimens were not intentionally heated. Their temperature did not exceed 350 K 

during deposition. The specimen holder rotated with 10 rounds/minute. All 10 – 30 

specimens of each deposition run were placed on a circle to ensure equality of the 

deposited films. The specimens were cleaned by Ar plasma for a few minutes (100 W, 

550-600 V). No bias was applied during film deposition. More details about the film 

deposition can be found in [38]. More then 100 different deposition runs were performed 

over the years. 

 

Polished graphite plates and Si wafer pieces were usually used as substrate. For some 

special experiments glass, sapphire and SiC were required as substrate. All substrates 

were cleaned in ultrasonic bath of isopropanol. The films were deposited as single layer 

or as triple layers, sandwiching the metal-containing layer between two pure a-C layers 

in order to reduce surface and substrate effects.  

 

2.2. Annealing of films 

 

The annealing in vacuum up to 1300 K was performed in different furnaces with a base 

pressure better than 5x10-4 Pa. Annealing durations between 0.25 and 2 h were applied. 

 

The annealing above 1300 K up to 2800 K was performed in a furnace with graphite 

interior under He atmosphere. The annealing temperature was hold for 1 h. Only W-

doped specimens were annealed above 1300 K until now. 

 

For the oxidation experiments, the specimens were heated in air to 550, 600 and 650 K. 

Various oxidation durations between 0.25 h and 48 h were applied to the different 
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specimens. For mass loss time series, the samples were removed from the furnace and 

cooled down to room temperature.  

 

3. Applied characterisation techniques 

 

3.1. Ion beam analysis: RBS and NRA 

 

Rutherford backscattering spectrometry (RBS) measurements were performed at the 

tandem accelerator (High Voltage) facility, IPP, Garching. For depth resolved 

composition determination, usually 4 MeV 4He backscattered by 165° were used [38,39]. 

Lateral homogeneity was controlled by analysing several spots of 1 mm2 size on several 

specimens of the same deposition run. For better depth resolution just beneath the 

surface, lower energies down to 500 keV were used. For determination of total carbon 

loss, also 1.5 MeV protons were used. The deuterium retention was measured with a 800 

keV 3He beam performing nuclear reaction analysis (NRA) [49]. 

 

3.2. X-ray diffraction: XRD 

 

Crystallographic phases and crystallite sizes were determined by XRD with Cu Kα 

radiation. A parabolic multilayer mirror (W/Si) was used on the primary side to achieve 

a parallel beam. Most diffractograms were recorded at a gracing angle of 1° to 5° 

[44,45]. Applying the Scherer formula after adequate peak deconvolution and fitting 

leads to the mean crystallite sizes [52]. 
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3.3. Microscopy 

 

The surface morphology of the film was examined with scanning electron microscopy 

(SEM) and atomic force microscopy (AFM) in contact or non-contact mode 

[39,43,45,46]. In order to investigate the build-up of the films, cross-sections and thin 

lamellas were prepared by simple breaking of the specimen or by focused ion beam 

(FIB) cross-sectioning. They were analysed with SEM as well as with conventional and 

scanning transmission electron microscopy (TEM, STEM) [45,51].  In addition, nano 

diffraction was performed on selected specimens in STEM [52]. 

 

3.4. X-ray absorption fine structure measurements: XAFS 

 

In order to get information about the local surrounding and order of the metal atoms and 

their bonding in the films, XAFS measurements at the K absorption edges of Ti, V, and 

Zr and the L1 and L3 edge of W were performed at Hasylab (Hamburg) on beamline C 

and at the ESRF (Grenoble) on beamline ID26 [39,40,44,45]. To obtain the sp2 carbon 

bonding content, the near edge structure of the carbon edge was investigated at the SRS 

Daresbury Laboratory on beamline 1.1 [45,47]. 

 

3.5. Raman spectroscopy 

 

The sp2 carbon bonds were investigated by Raman spectroscopy. The spectra were 

recorded between 900 – 1900 cm-1 with a Renishaw 1000 microscope using an argon ion 

laser at 514.5 nm. The resulting peak structures – known as D and G peak [53] – were 

fitted by an asymmetrical line shape of Breit-Wigner-Fano type [45,48]. The 
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interpretation of the D to G intensity ratio as well as the peak width and shift is 

accordingly to [53].  

 

3.6. Deuterium exposure 

 

The films were exposed to energetic hydrogen by a mass-separated, mono-energetic ion 

beam and by RF low temperature plasma [35,36,43]. The hydrogen isotope deuterium 

(D) was always used. The total erosion yield was determined by weight loss and by RBS 

measurements [37,41,42]. The time dependence of the yield was obtained from mass 

spectrometer data (ion source) and optical emission spectroscopy (RF plasma). In 

addition, the mass spectrometer data gave an indication for the chemical erosion of the 

carbon by deuterium, i.e., the formation of methane (CD4) [42]. 

 

Further more, the retained deuterium in the films was determined with NRA in 

dependence on doping, pre-annealing and implantation temperature, and D fluence [49]. 

 

4. Characterisation results 

 

4.1. Composition, thickness, morphology, adhesion and hardness 

 

Metal concentrations of films in the range of 0-25 at% are deposited. A slight increase of 

concentration with distance from substrate interface is observed [38]. The deposition is 

laterally homogenous, less than 5% variation. As impurities O and Ar are always present. 

The O concentration is normally below 1 at%, while the Ar concentration of around 2 
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at% is slightly varied by the dopant. The dopant cross-contamination from previous 

deposition is below 0.01 at% at the interface substrate to coating. 

 

The thickness of all films is between 0.1 to 4 µm, but the most films are about 1 µm 

thick. The thickness is obtained by profilometry on an artificial film edge of one 

specimen per deposition run, by microscopy on cross-sections, by weighing the 

specimens before and after film deposition and by RBS. The combination reveals 

reasonable density of around 1023 at/m3 [38]. 

 

The appearance of the surface topography of all films after deposition is very similar. 

Figure 1(a) shows the surface of a pure carbon film. Small, about 10 nm large structures 

are dominating the surface, while larger nearly circular structures (several 100 nm) are 

present. On Si wafer substrate, the latter ones cover less than 1% of the surface, but their 

density strongly increases on other substrate, i.e. graphite. In cross-sections they exhibit 

their columnar structure, Fig. 1(b). The roughness obtained from AFM for all initial 

films on Si is similar, too [39].  

 

Simple scratch test with a needle exhibits good adhesion and high hardness of the films. 

No aging is observed for the most films, even after >5 years storage at air. For some 

films, the hardness is determined by nano indentation to be ~14 GPa, while their elastic 

modulus is ~200 GPa [39]. Note that hydrogen exposure (see 4.4) could soften the films 

drastically so that the contact mode in AFM fails to image the surface [43]. 

 

4.2. Bonding structure of carbon 
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In the as-deposited a-C films, a sp2 fraction of the carbon bonds of ~80% is determined 

by NEXAFS [45,47]. Annealing to 1300 K increases this fraction to ~95%. The analysis 

of the Raman spectra regarding the D to G peak intensity ratio indicates that small 

aromatic areas are present in the as-deposited films. Their size increases with annealing 

[48]. In addition, diffraction from graphene-like areas is observed with XRD (graphene 

peaks). These areas increase also in size with annealing. It is proposed that these 

graphene-like areas of 2-3 nm size are embedded in a matrix dominated by distorted 

aromatic ring systems [45,48]. 

 

The effect of metal doping on the size of the distorted aromatic ring systems is show on 

the example of zirconium in Fig. 2. The addition of dopant increases their size, even 

above the level of annealed a-C films. This effect is present for all four investigated 

dopants, strongest for Zr and Ti, and less for V and W [45,48]. It can be assumed from 

existing data that the concentration effect has a maximum around 20 at% metal. 

Annealing diminishes this effect for all doped films. So, the carbon bonding structure in 

the matrix of annealed a-C:Me films is equal, independent of the metal concentration and 

type. 

 

4.3. Structure of metal  

 

From XAFS investigations, it can be concluded for all as-deposited doped films that the 

metal atoms are distributed atomically disperse in an amorphous, disordered carbon 

surrounding. The metal atoms are in a carbide-like bonding configuration [45].  
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Annealing leads to clustering and formation of carbide crystallites of several nm in size. 

Already 900 K is sufficient to arrange the majority of the metal atoms in carbide 

structure up to the 2nd next neighbours as deduced from XAFS. Observed by XRD, the 

achievable size of crystallites by annealing to 1300 K is largest for V (Fig. 3: ~10 nm), 

followed by Ti, Zr, and then W. The dopant concentration influences slightly the size. 

Comparing TEM data with XRD reveals that the crystallite size exhibits a broad 

distribution of VC, TiC, and ZrC.  

 

Because for W-doped C films XRD fails to attribute the phase of the dopant up to 1300 

K, higher annealing temperatures and STEM with nano diffraction are applied. Three 

different thermo dynamical stabile tungsten carbide phases [55] are found by XRD: WC, 

W2C, and WC1-x [51]. The appearance of phase depends on dopant concentration and 

annealing temperature, e.g., the 9 at% W-doped film annealed at 2200 K is dominated by 

WC1-x with an addition of W2C, while the 18 at% W-doped film annealed at 1450 K and 

2200 K shows a mixture of WC and W2C [51]. The occurrence of the phases is 

confirmed by nano diffraction in STEM. In addition, it is shown in STEM with nano 

diffraction that 2-3 nm large carbide crystallites (WC1-x, W2C) are already formed on 9.5 

at% W film at 1300 K. Even if the XRD features on the as-deposited W-doped films are 

already intense, no indication of crystallites could be observed in STEM [51]. 

 

Higher annealing temperature (above 1300 K) allows to obtain even larger crystallite 

sizes. E.g, for a 9 at% W-doped film after 2800 K annealing, a broad distribution of 

crystallite sizes between ~10 nm and several 100 nm is observed (Fig. 4).   
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Concluding, annealing leads to nm-sized carbide crystallites embedded in a matrix 

dominated by distorted aromatic regions with some graphene-like areas. 

 

4.4. Oxidation behaviour 

 

By exposing the specimens to air at 550 – 650 K and measuring their weight change as 

well as their compositional change (RBS), oxidation rates are evaluated [46]. The uptake 

of oxygen and the formation of an oxide layer covering the surface are observed by RBS. 

Figure 5 shows the oxidation rate gained by weight loss for as-deposited 2 and 9.5 at% 

W-doped films in comparison to pure a-C films and the range of published rates for 

various graphite grades, from which some are doped. The carbon removal rate for the 2 

and 9.5 at% W-doped films is reduced by one and two orders of magnitude, respectively. 

Tungsten exhibits the highest reduction, follow by Ti and Zr. Vanadium as oxide 

promotes the carbon oxidation, as expected from its known catalytic behaviour in the 

oxidation process [56].  

 

The thermal pre-treatment of films, e.g., formation of carbides at 1300 K, could affect 

the oxidation behaviour of the doped carbon films. Future investigations should be 

addressed to it. 

 

4.5. Erosion yield and D retention by D impact 

 

The erosion behaviour of metal containing carbon films by hydrogen impact is of vital 

interest for fusion research [35-37,42-45,50]. Figure 6(a) shows the CD4 production of 

pure and 6 at% W-doped carbon films for 30 eV D impact. The methane production is 
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only an indicator for the chemical erosion of C by D. A drastic change of the temperature 

dependence of the CD4 production compared to the pure C film is obvious. This change 

points to the strong effect of metal doping on the chemical erosion of the carbon from the 

films. The reduction of the total erosion yield determined by RBS is even stronger, 

especially at 300 K (Fig. 6(b)). For all four dopants, a similar reduction potential is 

observed [37,42-44]. 

 

In contrast to the erosion, D retention does not show a strong influence by doping. It is 

only slightly reduced, e.g., the D retention decreases from 1021 D/m2 by maximal about 

50% by doping at a D fluence of 1024 D/m2 [49]. This reduction depends on the W 

concentration and saturates at about 7 at% W to these 50%. The retention behaviour is 

better described by the exponent of power law dependence of retention on fluence. For 

pure carbon films an exponent of slightly above 0.1 is found, which reduces to below 

0.05 for the 7 at% and higher W-doped films [49]. 

 

5. Summary 

 

Magnetron sputter deposited metal-containing carbon films are intensively characterized 

and their thermal behaviour up to 1300 K for Ti, V and Zr and up to 2800 K for W is 

investigated. Films with metal concentrations of up to 25 at% and around 1µm thickness 

were deposited without bias at about room temperature. For these films, the following 

picture can be drawn: 

 

(i) Pure C films exhibit ~2 nm distorted aromatic and graphene-like regions, which both 

increase in size with annealing. The implementation of metals in the carbon films 
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increases the size of the distorted aromatic regions in the carbon matrix. The achieved 

size depends on metal concentration with a maximum around 20 at%. The difference by 

doping of the carbon matrix vanishes after annealing at 1300 K. 

 

(ii) Already after deposition, the metals are in carbide-like bonding environment without 

forming crystallites. They are mainly distributed atomically disperse in an amorphous 

carbon environment. Due to annealing up to 1300 K carbide crystallites (TiC, VC, ZrC, 

WC, W2C, WC1-x) of several nm are formed, which are the largest for VC at 1300 K 

(several tens of nm). Higher annealing above 1300 K of the W-doped films leads to even 

larger crystallites. By choosing the metal concentration as well as the annealing 

temperature and duration the crystallite size can be adjusted, but the crystallite size 

distribution is quite broad or even bimodal. 

 

(iii) The oxidation rate of the W, Ti Zr doped films is strongly reduced compared to the 

pure C films, while V doping promotes the oxidation of the carbon. The erosion yield 

against hydrogen impact is strongly reduced for all four dopants. Reduction by one order 

of magnitude is easily achieved. The retention of hydrogen after hydrogen impact is 

slightly decreased by doping with W (others dopants not studied jet). 
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Figure captions 

 

Fig. 1: a) Surface morphology of an as-deposited pure carbon film on Si; b) Cross-

section through an as-deposited triple layer structure with a 13 at% W layer sandwiched 

between two pure carbon layers on graphite. 

 

Fig. 2: D to G peak intensity ratio of the Raman spectra from carbon films doped with 

different Zr concentration (data from [48]): as-deposited (open symbols) and after 1300 

K annealing (filled symbols). Size evaluation is adopted from [54].  

 

Fig. 3: Crystallite size determined with XRD of V-doped carbon films in dependence of 

annealing temperature and V concentration (data from [45]). 

 

Fig. 4: Cross-section of a 9 at% W-doped C film after annealing to 2800 K (lower part: 

graphite substrate). 

 

Fig. 5: Oxidation rates gained from mass loss of not-preannealed undoped and W-doped 

carbon films (data from [46]). Dashed lines: range of oxidation rates of different 

graphite grades, partly doped [55].  

 

Fig. 6: a) Methane production yield of pure and W-doped carbon films for 30 eV D 

impact versus specimen temperature. The CD4 production yields are normalized to total 

erosion yield at 1000 eV D impact of pyrolytic graphite. b) Comparison of the total 

erosion obtained by RBS and of the CD4 production yield for 30 eV D impact on pure 
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and 3 at% W-doped film at 300 and 620 K (data from [37,42]). 
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