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Abstract:  

Tungsten-doped amorphous carbon films with 0-9 at.% W concentration were produced 

by magnetron sputtering and eroded in oxygen plasmas applying different bias voltages 

and substrate temperatures. The partial C and W erosion rates were determined from the 

C and W areal density changes measured by Rutherford backscattering spectrometry 

(RBS). The initial C removal rate increases with increasing ion energy and temperature 

and decreases with increasing W concentration. For W-doped films the erosion rate 

decreases with increasing plasma exposure duration. At low bias voltages the erosion 

process stops after W accumulation at the surface, which protects the carbon underneath 

from further erosion. RBS and X-ray photoelectron spectroscopy suggest that the W-

rich layer at the surface is carbon free and consists of porous WO3. Biasing to 200 V 

leads to removal of W by physical sputtering and, therefore, inhibits the formation of 

the protecting W oxide layer and the C erosion proceeds. 
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1. Introduction 
 

The erosion of plasma-facing materials (PFM) is an inevitable consequence of the 
interaction between a magnetically confined fusion plasma and its adjacent solid 
surfaces. For the next step, the international fusion experimental device ITER, it is 
planned to use in different areas of the first wall beryllium, tungsten (W) and carbon (C) 
as PFM [1]. With this material choice, erosion and re-deposition of carbon accompanied 
by co-deposition of hydrogen isotopes is expected to be the dominant tritium retention 
mechanisms [1-3]. To avoid continuous build-up of a fuel inventory inside the vacuum 
vessel, a variety of techniques for regular tritium removal have been proposed. These 
techniques include glow discharge cleaning [4-8], thermal oxidation [9] and laser and 
flash lamp ablation techniques [10]. Among these techniques, oxygen glow discharge 
cleaning was proven as one promising candidate to remove re-deposited layers. For 
example, ASDEX Upgrade showed that removal is very effective even at room 
temperature and similar results were obtained in TEXTOR and HT-7 for elevated 
temperatures [4-8]. Schwarz-Selinger et al. [11,12] have recently shown that oxygen 
plasmas are very efficient for removal of hydrocarbon films which are a good model 
system for re-deposited carbon films in fusion devices. This is true not only for plasma 
exposed areas [11], but at elevated surface temperatures (> 400 K) also for areas which 
have no direct line of sight to the cleaning discharge such as, e.g., in tile gaps. 

So far, most laboratory plasma experiments were focused on the erosion of pure 
carbon and hydrocarbon films in oxygen or oxygen containing gas mixtures. However, 
the use of carbon together with metallic materials in fusion devices will lead to 
redeposition of metal containing carbon films. Therefore, the erosion behavior of such 
mixed layers needs to be investigated. Moreover, a reduction of the chemical erosion of 
carbon by doping has been reported, but is still not fully understood [13-15] (for a 
review of this field see [16]). Hence, metal-doped carbon films represent a model 
system to investigate the erosion of redeposited carbon films by oxygen plasmas. The 
present study focuses on the effect of tungsten doping on the erosion behavior by 
oxygen plasmas. Tungsten-doped amorphous carbon (a-C:W) films were deposited by 
magnetron sputtering and then eroded in low-temperature oxygen plasmas. The erosion 
behavior was investigated as a function of substrate temperature, ion energy, tungsten 
concentration and thickness of the films. 

 
2. Experimental details 

 
Pure and tungsten-doped amorphous carbon films were deposited onto single 

crystalline (100) silicon wafers using a commercial sputtering device (Discovery®18, 
Denton) comprising three individually controllable magnetrons. For the deposition of a-
C:W films two of these magnetrons were used, one holding a graphite and the other a 
tungsten target. Argon was used as sputtering gas. The rf power applied to the graphite 
target was held constant at 500 W, and the dc power applied to the tungsten target was 
varied from 0 to 10 W to produce pure carbon films and tungsten-doped carbon films 
with different tungsten concentration. No extra substrate bias and heating were applied 
during deposition. More details of the deposition procedure can be found in Ref. [17], 
and an overview of the layer properties in Refs [18, 19]. 

Rutherford backscattering spectrometry (RBS) was applied to measure the 
elemental composition of the films before and after erosion. A beam of 4.0 MeV 4He 
was used at a scattering angle of 165°, and a charge of 15 μC was usually accumulated 
for one RBS spectrum. In some cases, a 70° degree incidental angle instead of normal 
incidence to the surface was applied in RBS analysis to enhance the sensitivity for thin 
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films at the surface. The spectra were simulated using the program SIMNRA 6.05 [20]. 
The film composition is determined in atomic percent. The tungsten concentration of 
the film varies between 0 and 9 at. %. For convenience, the notation being used 
throughout the text to describe a tungsten-doped amorphous carbon films containing x 
at.% tungsten is “x % a-C:W”.  

RBS measures the areal density (atoms/cm2) of elements in the films. In order to 
calculate the thickness of films in nanometer the density has to be known. To 
independently determine the density the mass change of a complete silicon wafer (4 
inch in diameter) due to deposition of the a-C film was measured by a microbalance 
and the film thickness was determined by profilometry. This yields a carbon number 
density of 8.48×1028 atoms/m3, corresponding to a mass density of 1.67 g/cm3. This 
value is in excellent agreement with the value determined from RBS and the layer 
thickness. For comparison, the mass density and carbon number density of graphite are 
2.26 g/cm3 and 11.4×1028 atoms/m3, respectively.  

X-ray photoelectron spectroscopy (XPS) was carried out on a PHI5600 system 
using an Al Kα source. The photoelectron spectra were measured with a hemispherical 
analyzer operating at a pass energy of 23.5 eV. The binding energy scale was calibrated 
with the Au 4f7/2 peak at 84.0 eV, the Cu 2p3/2 peak at 932.7 eV, and the Ag 3d5/2 peak 
at 368.3 eV. Depth profiles were acquired by sputtering with a scanning 3 keV Ar+ ion 
beam. The sputtered area was about 1×1 mm2, and the ion beam current on the target 
was about 20 nA (corresponding to a flux of 1.2×1017 m-2·s-1). 

Erosion experiments were carried out in the low-temperature plasma experiment 
PlaQ. A basic description of PlaQ is given in Refs. [21,22]. In short, PlaQ consists of a 
stainless steel chamber and is equipped with a remote electron cyclotron resonance 
(ECR) plasma source. Microwaves (2.45 GHz) are coupled into the vacuum vessel from 
the high B-field side through a waveguide terminated by a quartz window. The 
magnetic field is created by a single magnetic coil. To decouple the plasma from the 
substrate, the plasma is confined in a metallic cage 150 mm height and 140 mm 
diameter. Particles can leave the cage in an axial direction through a hole in the bottom 
plate with a diameter of 55 mm. A diverging plasma beam impinges perpendicularly 
onto the substrates which are located 100 mm below the cage exit. The energy of the 
ions impinging on the substrates can be varied by applying a dc or rf bias to the 
substrate electrode. In the experiments reported here rf bias was used. The application 
of an rf voltage to the substrate electrode causes the formation of a dc self-bias voltage 
(VSB) such that the substrate holder is always negative relative to the plasma potential. 
The bias voltages given in this article are these dc self-bias voltages created by the 
application of rf power. Due to the polarity they are quoted as negative numbers. The 
corresponding mean ion energy is approximately the sum of the absolute values of the 
dc self-bias voltage and the plasma potential. To ensure identical conditions in all 
erosion processes, the microwave output power for the ECR plasma was set to 150 W 
with a constant O2 gas pressure prior to plasma ignition of 0.5 Pa (gas flow 20 sccm).  

To measure the mass-integrated ion flux as well as the energy of the ions impinging 
on the substrate for a given condition, the substrate holder was replaced by a mock-up 
sample holder that incorporates a differentially pumped retarding-field analyzer (RFA). 
Details about the setup are described in Ref. [22]. From the known size of the sampling 
aperture (100 m) and the geometrical transmission of the repeller grid inside the 
analyzer (75 %) the absolute flux density was determined. For 0.5 Pa and the nominal 
ECR power of 150 Watts the total ion flux is 5.8×1022 atoms m-2 s-1. The ion flux 
distribution is shown in Fig. 1. At floating potential the ion flux distribution starts to 
increase at about 5 eV. It reaches its maximum at 11 eV, has a high energy shoulder at 
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about 18 eV, and extends to about 23 eV. The full width at half maximum of the main 
peak is 5.4 eV.  

The mass distribution of the ions impinging at the substrate position was measured 
with an energy selective mass spectrometer (Hiden Analytical EQP 300). In this case 
ions are sampled through a (250 m) hole in the substrate holder dummy left at floating 
potential. The EQP consists of an ion extraction and focusing optic, a 45° electrostatic 
energy analyser and a quadrupole mass spectrometer. Ions were detected with a faraday 
cup to assure temporal stability. Details about the setup are described in Ref. [23]. 
Consecutive analogue mass spectra were scanned with a step width of 0.05 amu 
increasing the energy from scan to scan by 0.1 eV. For 0.5 Pa and the nominal ECR 
power of 150 W the ion flux consists mainly of O2

+ ions (86 %) with minor 
contributions of O+ (~14 %). The mass transmission probability for these 2 oxygen ions 
was assumed to be equal. This ion mass distribution has to be taken into account when 
assessing the interaction of these ions with the surface. The energy distributions of the 
two species are by and large identical. In particular both ion species show the main peak 
and the high energy shoulder so that the two different peaks cannot be attributed to the 
two different ion species, but are due to the electric field structure in the plasma sheath.  
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Fig. 1: Ion flux distribution measured with the retarding field analyzer in an oxygen 
plasma (0.5 Pa, 150 W) for a floating substrate holder. 

 
To investigate the erosion process at different conditions, two substrate holders a 

cooled and a heated one were applied. The cooled substrate holder was used to 
eliminate the effect of heating the targets by ion bombardment during plasma exposure. 
It is equipped with an open circuit thermostat using silicon oil to stabilize the sample 
holder at room temperature if rf bias was applied. The temperature of the heated 
substrate holder can be increased from room temperature to 950 K by a 
BORALECTRIC® heating element [24] mounted inside the substrate holder. The 
heating power was feedback controlled by an infrared camera focused on the surface of 
the substrate holder.  

Further, PlaQ is equipped with in situ ellipsometry, so the optical response from the 
sample due to plasma exposure can be measured in real-time at the fixed wavelength of 
632.8 nm. This method was successfully used to determine the deposition and erosion 
rates of hydrogenated amorphous carbon films in different plasmas using oxygen, 
hydrogen and different gas mixtures as working gases [21]. Unfortunately, metal-doped 
carbon films are a more complicated system. A quantitative analysis of the raw data is 
at present not possible because not only the optical constants but also the layer structure 
of the surface layer of the films change during the erosion and the corresponding film 
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thicknesses and the optical constants of the different layers are presently unknown. 
Furthermore, amorphous carbon material prepared by magnetron sputtering of a 
graphite target consists of nano-graphite particles dispersed in an amorphous carbon 
matrix [12, 25, 26], and therefore it is strongly absorbing at the laser wavelength of 
623.8 nm. As a consequence, time-resolved erosion rates could not be deduced from 
real-time ellipsometry measurements.  

Even though ellipsometry could not be used to resolve the real-time erosion rates, 
changes of the films due to plasma exposure could be detected. Applying ellipsometry 
to determine the beginning and the end of the erosion process allowed setting 
appropriate plasma exposure durations. In this article, the erosion yields of the films 
were predominantly determined by Rutherford backscattering spectrometry. The carbon 
and tungsten amounts were measured before and after erosion by the oxygen plasma. 
Then the averaged erosion rates were calculated by dividing the amount of removed 
carbon or tungsten atoms by the elapsed erosion time. 

In order to detect morphological changes cross-sections of the plasma-exposed films 
were imaged with scanning electron microscopy (SEM). The used microscope (Helios 
NanoLab 600, FEI) allows the cross-sectioning in situ by the implemented focused ion 
beam (FIB). The secondary electrons produced by a 5 keV electron beam were detected 
by the inlens detector system. The SEM images of the cross-sections were recorded 
with the e-beam tilted by 38° to the normal axis of the image plane, so that the vertical 
scale in the shown images is compressed relative to the horizontal scale. 

Before the cross-sectioning by FIB, the specimens were covered with a roughly 
1 µm thick Cu layer deposited by magnetron sputtering without substrate bias and 
heating. This coating leads to a clear contrast between a-C:W film and the Cu coating, 
which is necessary to obtain sufficiently flat cross-sections. 

 
3. Results and discussion 
 

In a first set of experiments pure and 1.8 at.% tungsten containing amorphous 
carbon films with a thickness of 100 nm were eroded in an oxygen plasma. The effect 
of substrate temperature and ion energy on the erosion rate was investigated. In these 
experiments ellipsometry was used to determine the end point of carbon erosion. 
Although, as discussed in the preceding section, ellipsometry cannot be used to measure 
the real-time erosion rates, the end point can be clearly identified by ellipsometry. After 
erosion, Rutherford backscattering spectrometry was applied to determine the 
remaining C content. It turned out that all carbon in the a-C:W film was removed. The 
time-averaged carbon and tungsten removal rates for these measurements were 
calculated from the removed C and W amounts and the time elapsed between start of 
the erosion and the end-point. 
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Fig. 2: Erosion rate of pure and 1.8 % a-C:W films as a function of dc self-bias voltage 
voltage at 300 K substrate temperature in an oxygen plasma. The left-hand scale shows the 
carbon removal rate (filled symbols) and the right-hand scale for the tungsten removal rate 
(open symbols). Note the different scales. 
 

 
Fig. 2 shows the time-averaged carbon removal rates of a-C and 1.8 % a-C:W films 

as a function of the dc self-bias voltage (VSB) and the corresponding tungsten removal 
rate of 1.8 % a-C:W films. During the whole erosion process, the substrate temperature 
was kept at 300 K using the cooled substrate holder. The erosion rate of the films 
depends strongly on VSB. Fig. 2 shows that the time-averaged carbon removal rate of 
the a-C film is 0.7×1019 atoms·m-2·s-1 at floating potential (corresponding to about 
11 eV ion energy, see section 2). It increases by a factor of 17 to 11.6×1019 atoms·m-2·s-

1 if VSB is increased to -300 V. This increase is monotonic and no saturation occurs in 
the whole investigated range.  

The influence of VSB on the C and W removal rates for a-C:W films shows a similar 
increase compared to that of a-C but the yields are much lower. Although doped with 
only 1.8 % tungsten, the time-averaged carbon removal rate of a-C:W films is about 
0.12×1019 atoms·m-2·s-1 at floating potential and about 2.98×1019 atoms·m-2·s-1 at -300 V, 
i.e., it drops in this range by about a factor of 4 to 5 compared with pure a-C films. No 
tungsten atoms are removed at floating potential due to the low energy of ions, in this 
case only 11 eV (see section 2), which is below the threshold of physical sputtering of 
tungsten by oxygen (about 44 eV [27]). Between -50 and -300 V the C and W removal 
rates increase by a factor of 14 and 26, respectively.  

The variation of the time-averaged carbon removal rate with substrate temperature 
is shown in Fig. 3 in form of an Arrhenius plot. The pure a-C as well as the 1.8 % a-
C:W film both show an Arrhenius-type behavior with an apparent activation energy of 
0.09 and 0.17 eV, respectively. These values of the apparent activation energies are 
remarkably low. Firstly, the activation energy for a-C film is much lower than that for 
oxidative removal of graphitic materials in an oxygen atmosphere, which is about 
1.7 eV [28]. This is not too surprising since an oxygen plasma is a source for species 
with a much higher reactivity than stable ground state oxygen molecules. Secondly, this 
value is also significantly lower than that found for oxygen glow discharge removal of 
plasma-deposited amorphous hydrogenated carbon (a-C:H) films in plasma-shaded 
areas (0.25 eV [12]). Thirdly, the 1.8 % a-C:W films has a higher apparent activation 
energy than the pure a-C film and shows, therefore, a larger resilience against oxidation 
than the pure C film. 
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Fig. 3: Carbon removal rate of pure (filled symbols) and 1.8 % a-C:W (open symbols) 
films as a function of substrate temperature at floating potential in oxygen plasma. Data 
are shown in the form of an Arrhenius plot as a function of inverse temperature in 
logarithmic scale. Lines represent Arrhenius functions with the given activation energies. 
 

 
The above results show that doping of carbon with a small amount of tungsten can 

substantially decrease the erosion rate by an oxygen plasma. To gain further insight into 
the effect of tungsten doping, a-C:W films with different thicknesses and different 
tungsten concentrations were prepared and eroded in oxygen plasmas. In these 
experiments the substrate temperature during erosion was set to 600 K to accelerate the 
erosion process. 

In order to study the effect of the film thickness on the erosion of a-C:W films, a 
250 nm thick pure carbon film and 1.8 % a-C:W films with different thicknesses up to 
300 nm were eroded in an oxygen plasma. Fig. 4 shows the removed carbon amount as 
a function of exposure duration with the sample at floating potential. For the pure 
carbon film (solid squares) the removed carbon amount increases linearly with 
increasing exposure time. This is the anticipated behavior for an erosion process with 
constant erosion rate. The complete 250 nm thick film is eroded after an exposure time 
of about 11 min yielding a removal rate of 23 nm/min. The three 1.8 % a-C:W films 
show this linear behavior only for the first 100 nm. Compared with the pure a-C film 
the following two differences are found: First, the carbon removal rate for the W-doped 
films is significantly lower than that of the a-C film. This result is in excellent 
agreement with the data presented in Fig. 2. Second, the removal rate is not constant, 
but decreases with increasing exposure duration. The removed C amount of the 100 nm 
film can still be described by a straight line, the 200 nm film shows already a deviation 
towards the end of erosion process which is continued by the 300 nm film. The three 
dotted lines in Fig. 4 which connect the end point of the three a-C:W films with the 
origin clearly show that the removal rates for the three films decrease with increasing 
exposure duration.  
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Fig. 4: Removed carbon amount of 1.8 % a-C:W films as a function of erosion duration at floating 
potential and 600 K sample temperature. For comparison, data from a 250 nm pure carbon film 
(filled symbols) are also presented. The initial carbon amounts of the three a-C:W films with 
different thicknesses are indicated by the horizontal dashed lines. The dotted lines connect the 
origin with the endpoints of the three different films. The solid line is a guide to the eye. 
 

 
We interpret this deceleration of the removal process by an accumulation of a W-

rich layer at the surface which leads to a decrease of the removal efficiency with 
increasing time. Since these experiments were performed at floating potential the ion 
energy is too low to cause sputtering of W atoms from the surface. As a consequence, 
all the W atoms that were present in the original layer should remain in this W-rich 
layer at the surface. The total W amounts for these three different samples are 
1.5×1020 atoms/m2, 3.0×1020 atoms/m2, and 4.6×1020 atoms/m2. If we would assume 
that W is present in form of a compact bulk W film the corresponding thicknesses 
would be 2.4, 4.8 and 7.3 nm. Davis et al. reported that a sputter-deposited 1-2 
monolayer thick compact tungsten layer on a-C:D films can significantly decrease the 
erosion rate of the film by baking in an oxygen atmosphere at 623 K and a 8-12 
monolayer thick tungsten film (corresponding to about 3-4 nm) stops erosion 
completely [29]. Similarly, it is hard to believe that in our case plasma erosion 
continues through a 2 to 7 nm thick solid tungsten film. Therefore, we assume that the 
W-rich layer formed at the surface is not compact but porous with a sufficiently high 
open porosity to allow transmission of reactive oxygen species and the release of the 
erosion products (CO and CO2) [4]. Additionally, we will show further below that the 
W-rich layers are actually W oxide layers. Since the density of W oxide is much lower 
than that of bulk tungsten, the W oxide films remaining after erosion are much thicker 
than a few nanometres. 
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Fig. 5: Removed carbon amount of a-C:W films with different tungsten concentration 
measured after different erosion durations. For each measured point, a 200 nm thick a-
C:W film was eroded at floating potential and 600 K sample temperature in an oxygen 
plasma. The total removable carbon amount of the films is marked in the graph as a 
shaded area (the total carbon amount in the different samples varies slightly due to the 
difference in W concentration and thickness).  
 

 
To study the effect of the tungsten concentration on the erosion of a-C:W films, 

about 200 nm thick pure carbon and a-C:W films with different tungsten concentrations 
were eroded in an oxygen plasma at floating potential. These experiments were also 
carried out at a sample temperature of 600 K. In Fig. 5 the removed carbon amount is 
plotted as a function of the duration of plasma exposure. In addition, the total carbon 
amount in the films is marked by the shaded area. Obviously, all carbon atoms in the 
200 nm thick pure carbon films can be completely removed. The erosion takes less than 
10 minutes and corresponds to a C removal rate of 3.4×1019 atoms·m-2·s-1. The time 
needed for complete carbon removal increases to 30 and 170 min for 1.8 % and 5.0 % 
a-C:W films, respectively. For 6 % a-C:W films, only 50 % carbon atoms are removed 
in 240 minutes and the data indicate a continuous decrease of the erosion rate. For even 
higher tungsten concentrations in the films (8 % and 9 %), the carbon removal clearly 
saturates, i.e., the removed carbon amount does not change any more after 80 min 
suggesting that the residual carbon is shielded by a W-rich layer from further erosion. 
The significant difference between the films with 5, 6 and 8 % W indicates that in this 
concentration range a substantial change of the erosion behavior occurs. Obviously, at 
W concentrations of 8 % and higher a compact W-rich layer forms at the surface that 
blocks further erosion of carbon.  
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Fig. 6: RBS spectra of a-C:W films with 6 % (a) and 8 % (b) tungsten concentration after 
exposure to an oxygen plasma at floating potential and 600 K sample temperature for 
different durations. The exposure durations are indicated. Simulated spectra for both as-
deposited films are also presented. 
 
 

Fig. 6 shows a series of 4 MeV 4He RBS spectra of the 6 % (a) and 8 % (b) a-C:W 
films leading to the data points in Fig. 5. The composition of the films before and after 
erosion is obtained by fitting the RBS spectrum with SIMNRA [20]. Examples of fitted 
spectra are shown as dashed lines for the “as-deposited” film in Figs. 6a and b. Each 
peak in these RBS spectra corresponds to a certain element as indicated in Fig. 6. The 
peak height in these RBS spectra corresponds to the local concentration of the element 
and the integral corresponds to the total areal density. The peak at the highest 
backscatter energies corresponds to tungsten in the films. The high energy flank of the 
peak is due to W atoms at the surface and is marked as Wsurface in the figure. The low 
energy flank is accordingly due to W at the interface to the silicon substrate and is 
marked as Winterface. The width of the peak contains information on the film thickness 
and the intensity is correlated to the local concentration in a certain depth. The slightly 
decreasing peak height of the “as-deposited” film indicates that the distribution of W in 
the film is not perfectly homogeneous, but that the W concentration increases slightly 
from the interface towards the surface. This increase is determined by fitting the spectra. 
In general it is small and varies for the different W concentrations. The smallest 
variation found is 3 %, the largest 8 %. This number must not be confused with the total 
W concentration in the film; it means that the local W concentration at the interface is 
by 3 to 8 % lower than the local W concentration at the surface. It is attributed to a 
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small drift during the deposition process. This small inhomogeneity of the W 
concentration is only of minor relevance and does not influence our results and 
interpretations. After erosion the intensity of the W peak increases at the high energy 
side. This is due to accumulation W at the sample surface. Towards lower 
backscattering energy the next obvious feature in the spectra is due to silicon at the 
interface (Siinterface, around 2000 keV). On top of the silicon signal (around 1000 keV) 
the carbon signal is found and again, the high energy flank corresponds to C at the 
surface and the low energy one to C at the interface. After erosion additionally an 
oxygen signal is observed at around 1500 keV. A further very small, but clearly 
discernible signal is found around 2500 keV. This is due to argon which is implanted 
into the a-C:W film during magnetron sputtering. The signal corresponds to an argon 
concentration of about 1 %.  

The initial thickness of the 6 % a-C:W film (Fig. 6a) was 207±15 nm (measured by 
profilometry). The comparison of the RBS spectra of “as-deposited” and eroded 6 % a-
C:W (Fig. 6a) films yields the following results: Increasing erosion leads to an increase 
of the W signal at the film surface while the W signal of the plateau remains unchanged. 
In addition, increasing erosion time leads to a shift of the low energy flank of the W 
peak towards higher energy. This shift is caused by the erosion of carbon from the film 
which leads to a thinner film and accordingly to less stopping. The amount of W 
remains, however, unchanged. This means that no W is sputtered during this 
experiment. The Si edge shifts to higher energies. This is the same effect as discussed 
for the left flank of the W peak. Carbon removal due to the erosion process leads to a 
smaller energy loss of the projectiles and consequently the Si edge shifts to higher 
energies. For the carbon peak, it is obvious that the peak integral decreases significantly 
with increasing erosion time. In contrast to W both flanks of the C peak shift. The high 
energy flank which corresponds to C at the surface shifts to lower energy and the low 
energy flank to higher energy while the signal height of the peak plateau remains 
unchanged. The shift of the low energy flank is due to the decrease in total film 
thickness and has the same origin as the shift of the low energy flank of the W peak and 
the shift of the Si edge. On the other hand, the shift of the high energy flank of the C 
peak to lower energy means that C is no longer present at the sample surface. This is 
interpreted as a complete removal of C from the W-enriched layer at the surface.  

We also find increasing amounts of oxygen. Due to the low cross-section for 
backscattering the signal is very low. Since furthermore the cross-section is not well 
known for our conditions, the RBS signal cannot be used for a reliable quantification of 
the oxygen amount. But obviously the O peak does not have a width which is 
comparable to the width of the C and W peaks. But the width of the O peak is in 
reasonable agreement with the width of the W enrichment layer at the surface. We, 
therefore, assume that significant amounts of oxygen are present only in the W-rich 
layer. Detailed fitting of the RBS spectra using SIMNRA [20] confirms in general the 
interpretations outlined above. However, the height and width of the W peak 
corresponding to the W-rich layer at the surface can only be fitted assuming the 
presence of another atomic species in this layer. Good agreement is achieved if we 
assume that this species is oxygen. Actually, in most of the investigated W-rich layers, 
the concentration ratio of tungsten and oxygen determined by this fitting ranges from 
2.8 to 3.5. Considering the uncertainty of the RBS analysis this result is in agreement 
with the formation of a layer of WO3 at the surface of the films. The areal density of W 
and O atoms in the W oxide layer for this 6 % a-C:W film after 240 min plasma 
exposure is 1.82×1021 atoms/m2 and it consists of 22 % tungsten and 78 % oxygen. If 
bulk density of WO3 (7.16 g cm-3 [30]) is assumed this would correspond to a thickness 
of 98 nm. But, as discussed before, this layer cannot be dense but must be sufficiently 

 11



 

porous to allow transport of reactive species from the plasma to the carbon and 
transport of the released erosion products from the carbon interface to the surface. 
Accordingly the real thickness should be significantly higher.  

The spectral features of the 8 % a-C:W films (Fig. 6b) are in principal quite similar 
to those of the 6 % a-C:W films. The initial thickness of the 8 % a-C:W film was 
225±15 nm (measured by profilometry). The basic differences are that the W 
enrichment at the surface is less pronounced and that the erosion process stops after 
about 80 min (compare also with Fig. 5). For 8 % a-C:W films, less than 10 % carbon 
was removed and after 80 min plasma exposure the areal density of W in the W-rich 
layer is 4.2×1020 atoms/m2 (corresponding to 22 nm bulk WO3). For further plasma 
exposure, no measurable changes can be detected. For 8 % a-C:W film after 240 min 
erosion the concentration of tungsten and oxygen in the W-rich layer is 26 % and 74 %, 
respectively. 

As already mentioned above, Davis et al. reported that a sputter-deposited 3-4 nm 
thick compact tungsten layer on a-C:D films completely suppresses erosion due to 
baking in oxygen atmosphere at 623 K [29]. In our experiments the W oxide layer for 
the 6 % a-C:W films after 240 min plasma erosion would correspond to 98 nm WO3 
while for the 8 % a-C:W films it is only 22 nm thick. This means that the plasma 
erosion process stops in 8 % a-C:W films with a thinner W oxide layer than for the 6 % 
a-C:W films. Furthermore, in the 6 % a-C:W films erosion still continues although the 
W oxide layer is significantly thicker than for the 8 % a-C:W films. Obviously, the 
structure and morphology of the W oxide layer for these two types of films differs 
substantially. We assume that a very porous tungsten oxide layer is formed for the 6 % 
a-C:W films and a more compact structure for 8 % a-C:W films. 

Cross-sections of plasma-exposed films were investigated with scanning electron 
microscopy to confirm the surprisingly large thicknesses of the W oxide layers 
estimated from the RBS results. Fig. 7 presents an image of the surface of the 6 % film 
and cross-sections of the 6 % and 8 % a-C:W films after 240 min plasma exposure at 
600 K. Both films are the identical samples that were used to determine the RBS results 
presented in Figs. 5 and 6.  

The thickness of the 6 % a-C:W film before plasma treatment was 207±15 nm 
(determined by profilometry). It decreased after 240 min plasma exposure to about 
190 nm (determined by SEM, Fig. 7b, uncertainty about ±5 nm). 120 nm are still 
original a-C:W film and the thickness of the W oxide layer is about 70 nm. The 8 % a-
C:W film had an initial thickness of 225±15 nm. After 240 min plasma exposure the 
remaining bulk layer has a thickness of 210 nm and the W oxide layer is about 20 nm 
thick (Fig. 7c). Both W oxide films show a rather granular structure with grain sizes of 
the order of 1 nm up to several nm. For the 6 % a-C:W film it appears as if the grains at 
the surface are smaller than at the interface to the bulk film. It is remarkable that for 
both films the interface between W oxide layer and original a-C:W layer is relatively 
sharp. The granular structure of the W oxide layer is also visible in the image of the 
surface of the 6 % films shown in Fig. 7a. 
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Fig. 7: SEM images of a-C:W films after 240 min oxygen plasma exposure at floating 
potential and 600 K sample temperature. (a) Surface image of the 6 % film (the angle 
between surface normal an electron beam is 52° for this image). Cross-section images of a 
6 % (b) and 8 % a-C:W film (c). The three interfaces between the Cu cover layer (1), the 
tungsten-enriched layer of the a-C:W film (2), the remaining unchanged a-C:W film (3), 
and the Si substrate (4) are marked by dotted lines. The thicknesses of the two middle 
layers are given taking the tilting of 38° into account. 

 
 

In principle, these SEM cross-sections confirm qualitatively the interpretation of the 
RBS result presented above (Figs. 5 and 6), but there are some inconsistencies with 
respect to a quantitative comparison. The thickness of the W oxide for the 6 % a-C:W 
sample layer determined by SEM is 70 nm and that estimated from RBS is 98 nm. 
Although the two numbers seem to be in acceptable agreement – considering the 
experimental uncertainties of both methods – the 98 nm from the RBS data were 
estimated assuming WO3 bulk density. We have already argued that the W oxide layer 
has to be very porous to enable continuous erosion and the SEM cross-sections (Fig. 7) 
support this assumption. But if the layer has a significant porosity, then the 
corresponding thickness estimated from the RBS results should be accordingly larger 
enhancing the disagreement with the SEM-determined thickness. The reason for this 
obvious inconsistency is presently unclear but it might be at least partially due to 
problems related to the quantitative evaluation of the RBS spectra of the rough and 
porous W-oxide layer at the surface of the plasma-treated films. On the other hand, the 
remaining thickness of the bulk layer of this 6 % a-C:W sample is 120 nm 
corresponding to about 58 % of the initial thickness. Accordingly, about 58 % of the 
initial amount of carbon should be found for this film. This is in acceptable agreement 
with the data shown in Fig. 5 where about 52 % carbon remain for this 6 % a-C:W film. 
The quantitative comparison between RBS and SEM results for the 8 % a-C:W sample 
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give a similar picture than that for the 6 % a-C:W sample. The two thicknesses (20 nm 
for SEM and 22 nm for RBS) seem to match, but for the RBS estimate the obvious 
porosity was not taken into account so that the thickness estimated from RBS should be 
significantly larger. The decrease of the a-C:W bulk layer thickness from about 225 nm 
(determined for the as deposited sample by profilometry) to about 210 nm (SEM, Fig. 7) 
is in reasonable agreement with the decrease of the carbon amount determined by RBS 
(Fig. 5). In summary, the SEM cross-sections confirm that the W oxide layers formed 
during plasma exposure are surprisingly thick and porous and that higher initial W 
concentrations lead to thinner W oxide layers. 
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Fig. 8: XPS W 4f spectra of 6 % a-C:W film before and after 240 min oxygen plasma 
exposure at floating potential and 600 K sample temperature. To remove the absorbate 
layer, both films were sputtered by 3 keV Ar+ ion beam for 1 minute. 

 
To study the chemical bonding and composition depth profile of the W-rich layers, 

C 1s, W 4f, O 1s and Si 2p peaks were investigated with XPS. As known from previous 
studies [19,32] all W in these magnetron sputtered a-C:W films is in the carbidic state 
and annealing does not change this. Fig. 8 shows the W 4f core-level doublet spectra of 
an as-deposited 6 % a-C:W film before and after oxygen plasma exposure at floating 
potential and 600 K sample temperature. The spectrum of the as-deposited film consists 
of a doublet at binding energies of 34.1 eV for the W 4f5/2 and 32.0 eV for the W 4f7/2, 
corresponding to tungsten in the carbide state [31]. Unfortunately, it is not possible to 
determine which kind of carbide is formed in the film because the binding energy 
difference between WC (W 4f7/2 32.2 eV) and W2C (W 4f7/2 31.8 eV) is too small to 
allow a safe assignment [18,32]. After 4 hours oxygen plasma exposure at floating 
potential and 600 K sample temperature, the W 4f5/2 peak shifts to 37.6 eV and the 
W 4f7/2 peak to 35.5 eV. This doublet is assigned to WO3 [33,34]. These results 
demonstrate that W is present in form of tungsten carbide in the as-deposited films. 
After plasma erosion carbon is removed from the surface-near region and W is oxidized 
and is present in form of WO3.  
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Fig. 9: Depth profile of carbon, oxygen, tungsten and silicon for 6 % (a) and 8 % (b) a-
C:W films after 240 min oxygen plasma exposure at floating potential and 600 K sample 
temperature. The vertical lines indicate the position of the interface between the WO3 layer 
and the bulk of the a-C:W film. 
 

 
Fig. 9 presents XPS depth profiles of 6 % (a) and 8 % (b) a-C:W films after 4 hours 

oxygen plasma exposure at floating potential and 600 K sample temperature. Both films 
show apart from tungsten and oxygen a relatively high carbon content at the surface. 
This is attributed to adsorbed carbon due to exposure to ambient air prior to XPS 
analysis. Already after 1 minute Ar+ sputtering (at 3.0 keV) most of the adsorbed 
carbon layer is removed and after 2 to 3 min sputtering it is completely gone. After 
removal of the adsorbate layer the XPS spectra show only tungsten and oxygen signals. 
The ratio of oxygen to tungsten at the initial surface is about 4.5, this value is more than 
3 (the ratio of WO3) because oxygen is not only bonded to tungsten but also contained 
in the adsorbate layer. The ratio of oxygen to tungsten drops to 3 after 1 minute Ar+ 
sputtering. This is in good agreement with the binding energies presented in Fig. 8 and 
with the evaluation of the RBS data. The ratio of oxygen to tungsten decreases with 
further increasing sputtering time most probably due to preferential sputtering of 
oxygen. Because the sputter yields of the porous WO3 are not known, we cannot 
convert the sputter time scale to a depth scale. If we define the interface between the W 
oxide layer and the original film by the increase of the carbon signal to 50 % of the bulk 
value, then the corresponding sputtering times are about 95 and 23 min for the 6 % and 
8 % a-C:W films. The ratio between these two numbers is 4.1. It is in reasonable 
agreement with the ratio of the total tungsten amounts in the enriched layers determined 
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by RBS which is 4.5 (see discussion of RBS result above). Therefore, the XPS results 
support the supposition made on basis of the RBS data that the W-rich layer formed 
after oxygen plasma exposure consists of WO3 oxide. The fact that the carbon to 
tungsten ratio in the bulk of the a-C:W film (Fig. 9b) is not equal to the W 
concentration measured by RBS is due to preferential sputtering of C which causes 
enrichment of W at the surface during depth profiling. Because XPS is very surface 
sensitive, the W enrichment leads to a higher XPS signal and does not reflect the bulk 
value. 
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Fig. 10: Fraction of carbon and tungsten removed from 500 nm thick 3 % a-C:W films as a 
function of the erosion duration at floating potential (a) and -200 V dc self-bias voltage  (b) 
in oxygen plasma. At floating potential, the ion energy is too low for physical sputtering of 
W by O, consequently, no W is sputtered in this case. 
 

 
Fig. 10 shows the ratio of the removed carbon and tungsten amounts to the 

corresponding total amounts of 500 nm thick 3 % a-C:W films as a function of the 
erosion duration at floating potential (a) and at -200 V dc self-bias voltage (b). In this 
experiment, the cooled substrate holder was used to ensure that the erosion takes place 
at room temperature. At room temperature chemical erosion is very inefficient (see 
Fig. 3) and consequently the erosion rates are very low. At floating potential the 
removed carbon amount increases slowly with increasing erosion duration. Only about 
10 % of the carbon atoms in the film were removed after 21 hours exposure to oxygen 
plasma. The time-averaged erosion rates for the 10 and 21 h plasma exposure are 
1.24×1018 atoms·m-2·s-1 and 5.8 ×1017 atoms·m-2·s-1, respectively. As expected, the W 
concentration at the surface of these films increases with increasing exposure time, but 
the total tungsten amount obtained by integrating the tungsten peaks does not change. 
I.e., no tungsten atoms are removed during plasma erosion at floating potential. On the 
other hand, with -200 V rf bias, most of the tungsten atoms and all carbon atoms in the 
films are removed within 2.5 hours. At -200 V bias, although W atoms will enrich at the 
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surface due to preferential erosion of carbon, W atoms are continuously removed from 
the surface by physical sputtering because the incident oxygen ions have an energy 
above the threshold for physical sputtering of tungsten by oxygen (about 44 eV) [27]. 
As a result, biasing the sample to -200 V inhibits the formation of a thick protecting W 
oxide layer and the complete film can be removed.  
 
4. Conclusion 
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smas was studied. The erosion of a-C:W films depends sensitively on the film 
composition and the erosion conditions. The erosion rate of a-C:W films is clearly 
lower than the rate of pure amorphous carbon film and increases with the increase of 
ion energy (biasing) and substrate temperature. The erosion rates of a-C:W films 
decrease strongly with increasing tungsten concentration. Addition of only 1.8 at.% W 
leads to a reduction of the C removal rate at 300 K by almost a factor of 6 compared 
with a pure carbon film. Furthermore, they decrease with increasing exposure duration 
because carbon is preferentially eroded while tungsten atoms accumulate and oxidize at 
the surface leading to the formation of protective W-rich layer. The temperature 
dependence shows an Arrhenius-type increase of the erosion rates with increasing 
sample temperature with an apparent activation energy of 0.09 eV for the pure 
amorphous carbon film and 0.17 eV for the 1.8 % a-C:W film.  

RBS and XPS analyses consistently show that the W-rich 
face after oxygen plasma exposure at low bias voltage consists of WO3.We speculate 

that the morphology of this layer formed during erosion at low ion energy depends 
strongly on the initial W concentration in the films. It is more compact but thinner for 
films with higher initial tungsten concentration (8 % and higher). For W concentrations 
of 8 % and higher it blocks the transmission of reactive oxygen species and/or the 
release of the erosion products and prevents further erosion. Only applying a 
sufficiently high bias voltage to enable physical sputtering to remove the W oxide layer 
from the surface allows continuous removal of such films. 

As a consequence, our results indicate that for efficie
bon films with W concentrations higher than about 8 % by oxygen glow discharge 

cleaning procedures intense ion bombardment of the respective surface is required. This 
can only be achieved on plasma-facing surfaces. On the other hand, it is presently not 
assumed that W migrates to remote areas. Therefore, we don’t have to assume that re-
deposited layers in remote areas will contain high W concentrations. Although the film 
removal rate is significantly reduced due to W addition, films with low (< 8 %) W 
concentrations can still be removed even without energetic ion bombardment. 
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