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ABSTRACT 

We have investigated erosion of a-C:H films in ammonia plasma, created in a 1.2 
kW inductively coupled radiofrequency generator. The a-C:H films were created in the 
same reactor, by creating a discharge in acetylene. The growth and erosion of films were 
observed by laser interferometry. The plasma parameters were measured by the means of a 
double Langmuir probe and optical emission spectroscopy. 

The plasma reactor could be set to produce plasma either in E mode or H mode, 
which was reflected both on the density of charged species as well as the dissociation of 
NHx molecules. Namely, signatures of NHx species were observed in the spectra of E mode 
plasmas, while spectra of H mode showed predominantly signatures of N and H species. 
Erosion rates of a-C:H were significantly higher in the H mode, where NH species could 
be observed in the spectra. This leads us to believe that the erosion of a-C:H films is 
chiefly due to interaction with N atoms. 

1 INTRODUCTION 

In the efforts of securing suitable energy sources for the ever increasing energy needs 
of mankind, nuclear fusion will without a doubt play an important role. While the fusion 
technology is not yet ready for commercial exploitation, there are several experimental 
fusion devices currently operating, and more are being built. Perhaps the most notable 
example of the latter is the International Thermonuclear Experimental Reactor (ITER). In a 
thermonuclear fusion device, fusion is achieved by heating up the fuel mixture to several 
million Kelvins. The fuel mixture, which at these temperatures becomes fully ionised, is 
mainly contained by magnetic fields, however at certain parts of the reactor, the fusion 
plasma still comes into contact with the reactor vessel wall. Because the heat loads in such 
areas are extremely high, of the order of 10 MW/m2, the choice of suitable materials for 
plasma facing components is extremely limited[1]. 
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Currently, there are only two viable candidates for the plasma facing material in the 
most exposed areas: carbon based materials such as carbon fibre composites (CFCs) and 
tungsten. In many views, carbon-based materials seem more suitable than tungsten. 
Carbon-based materials are known to be able to withstand a higher temperature than any 
other known solid material, including tungsten[2]. Moreover, they sublimate rather than 
melt, which reduces the risk of damage at thermal overloads. Tungsten, on the other hand, 
melts at 3695 K. Melting of tungsten plasma facing tiles could cause unpredictable results 
with catastrophic consequences. As fusion devices become increasingly larger, so does the 
energy stored in the plasma. Thus, the question of melting of tungsten tiles becomes 
increasingly serious, up to the point that a single large disruption could cause enough 
damage on tungsten tiles to render a machine unusable. 

However, carbon-based materials have a serious disadvantage which causes many to 
choose tungsten as the sole plasma facing material: carbon-based materials are extremely 
susceptible to chemical erosion by hydrogen. Hydrogen atoms from the fusion plasma 
react with carbon atoms from the plasma facing material, forming CxHy complexes. They 
desorb from the wall and are re-deposited later, elsewhere on the walls of the reactor. Thus, 
hydrogenated amorphous carbon (a-C:H) deposits are formed. Depending on various 
parameters during their growth, the deposits can contain up to 40 % of hydrogen[3]. In a 
fusion device operating with a D-T fuel mixture, the formation of a-C:H deposits also 
means retention of radioactive tritium inside the reactor vessel. This, in turn, causes the 
increase of the radioactivity of the whole reactor vessel, which is a serious safety and 
operational concern[4]. 

Fortunately, experimental results show that the a-C:H deposits could be efficiently 
removed by so called chemical methods of fuel removal, which could bring carbon-based 
materials back on the list of suitable candidates[5-7]. Unlike laser ablation or physical 
sputtering, these methods rely on utilizing a chemically reactive medium to remove the a-
C:H deposits from the contaminated surfaces of the reactor vessel. Especially removal by 
reactive oxygen species has shown very promising results. Exposing surfaces covered by 
a-C:H at temperatures of around 550 K to fluxes of neutral oxygen atoms has resulted in a-
C:H erosion rates as high as 30 nm/s[8]. Unfortunately, oxygen may not be acceptable in 
all fusion devices because oxidation may pose a risk of damage of in-vessel components. 
Moreover, the chemical reaction of a-C:H removal by oxygen atoms produces, among 
other reaction products, water. This implies the requirement of having a water-handling 
plant on board of the fusion device. For these reasons, alternative chemical methods of fuel 
removal are being researched. Because nitrogen is a more acceptable impurity in a fusion 
device, cleaning by plasmas of ammonia has been proposed. Thus far, ammonia has mostly 
been used in the research of scavenger effect[9], where the addition of ammonia is 
supposed to prevent from a-C:H deposits forming in the first place. However, while 
experimental results are encouraging, the experimental conditions in recent experiments 
make it hard to determine whether ammonia actually prevents the formation of a-C:H, or 
removes the a-C:H that is being formed despite its presence[10, 11]. In this paper we 
present the results of a study of removal of a-C:H by ammonia plasma. 

2 EXPERIMENTAL 

We performed experiments of erosion of a-C:H deposits by reactive species produced in 
an inductively coupled radiofrequency discharge in pure ammonia. Samples of a-C:H were 
exposed to the near afterglow of an ammonia plasma. The erosion process was monitored in 
situ by means of laser interferometry. The experimental set-up can be seen in Figure 1. The 
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main part of the reactor system was a borosilicate glass tube with the inner diameter of 36 
mm, which branched out into two perpendicular tubes. A 6 turn coil (2) was wound around 
the main tube directly next to the branching. The coil was, by means of a matching network, 
connected to a radiofrequency generator (1), operating at the frequency of 13.56 MHz, used to 
ignite the plasma in the main tube. An optical fibre, connected to an Avantes AvaSpec 3648 
optical emission spectrometer, was mounted near the inductive winding. A temperature-
controlled sample holder (3) was mounted in the bottom side-tube, and a pair of a laser 
module (6) and a laser light detector (7) was mounted above the top side-tube. The top side-
tube was closed with a quartz glass window (5). Working gasses were leaked into the system 
through of a needle valve. The pressure in the main tube was monitored with a Baratron 
absolute pressure gauge. The system was pumped by means of a two-stage rotary pump with 
the maximum pumping speed of 80 m3/h. Prior to the erosion experiments, a characterisation 
of the plasma system was performed by means of optical emission spectroscopy and a double 
Langmuir probe. 
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Figure 1: Schematic of the experimental set-up: 1 – RF generator, 2 – inductive winding, 3 – 
temperature controlled sample holder, 4 – sample, 5 – quartz window, 6 – laser module, 7 – 

photodetector module 

Depending on the source gas pressure and the set forward power of the RF generator, 
the plasma system could operate either in E-mode or H-mode. In the E-mode, the glow region 
of the plasma, i.e. the region where the transfer of energy from the electric field to the free 
electrons takes place, is spread out along the discharge tube, often reaching the metal fittings 
at its edges. In the H-mode, the area of energy transfer is localised strictly to the volume 
covered by the inductive winding. Because the matching network was optimised for the H-
mode the electron temperature and density was considerably higher in the H-mode than in the 
E-mode. 
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The erosion, as well as the growth, of the amorphous hydrogenated carbon deposits was 
monitored with a laser interferometry system. The system consisted of a laser module that 
produced laser light with the wavelength of 635 nm and the intensity of 3 mW. The light was 
passed through a quartz window to the sample. The intensity of the reflected light was 
measured with a Hawkeye ® laser detector. 

The sample material was deposited on a piece of polished silicon wafer. The silicon 
substrate was cut in a way to cover as much surface of the sample holder as possible. The 
typical dimension of the substrate was thus 15 mm across and therefore significantly larger 
than the diameter of the laser beam (< 3 mm). It was found that the adjusting of the laser 
interferometry system after mounting of the sample could not be performed without at least 
slightly moving the laser module and, in consequence, modifying the position of the laser spot 
on the sample surface. Since past experience has shown that the distribution of active species 
along the surface is not necessarily constant[12-16], comparable results would be best 
obtained by keeping the laser spot at a constant position. In order to eliminate the need for re-
adjusting of the laser interferometry system, the a-C:H samples were deposited in situ. 

The samples of a-C:H were deposited by creating an inductively coupled 
radiofrequency discharge in pure acetylene. The substrate was kept at room temperature. The 
working gas pressure was 15 Pa. The forward power of the RF generator was set at 50 W. At 
these conditions, the generator was operating in the E-mode. This procedure resulted in 
approximately 1 nm/s growth of thin a-C:H films with the refraction index of 2[17]. 
Typically, around 650 nm thick films were grown. 

Immediately after growing, the a-C:H sample deposits were exposed to the early 
afterglow of ammonia plasma. The pressure of ammonia ranged from 15 Pa to 75 Pa and the 
forward power of the generator ranged from 100 W to 700 W. The generator was operating 
both in the E-mode as well as H-mode. The temperature of the sample surface ranged from 
room temperature to 250 °C. 

3 RESULTS AND DISCUSSION 

3.1 Interferometrical data 

The signal of the laser interferometry system is recorded as the time evolution of the 
photo detector output voltage. The voltage is proportional to the power of the incoming laser 
beam and thus the reflectivity of the thin film. The reflectivity is a periodical function of the 
thin film thickness.  One full oscillation of the power of the reflected laser beam corresponds 
to a change of the deposit thickness: 

𝑑 = 𝜆
2𝑛

,           (1) 

Where d is the thickness of the thin film, λ is the wavelength of the laser light and n is 
the refractive index of the thin film.  In the experimental system used in our experiments, one 
full oscillation thus corresponds to the change of 160 nm in the thickness of the deposit. 

3.2 E-mode and H-mode 

The results of the measurements with the double Langmuir probe are presented as 
densities of charged particles versus source gas pressure, in Figure 2. Two separate branches 
are clearly observable. In the measurements performed in the E-mode, the density of charged 
particles was found to decrease at higher source gas pressures at the majority of set generator 
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forward powers. On the contrary, in the H-mode, the density of charged particles exhibited a 
steep increase for all values of the set generator forward power. 

 

Figure 2: Double Langmuir probe measurement of charged particles density in plasma of 
ammonia versus source gas pressure, at different forward powers 

Optical emission spectroscopy measurements of plasma of ammonia in the E-mode and 
H-mode are presented in Figure 3. In the E-mode, the spectrum shows a strong NH peak and a 
NH2 band, whereas in the H-mode, the NH2 band is not present and the NH peak is strongly 
reduced. This suggests that there is a significant reduction of the density of NHx species in the 
H-mode. The resulting plasma becomes mixed nitrogen-hydrogen plasma, rather than plasma 
of ammonia. 

a)

 

b)

 

Figure 3: a) Optical emission spectrum of plasma of ammonia in E-mode, b) optical emission 
spectrum of plasma of ammonia in H-mode 

Optical emission spectra, recorded during the erosion of a-C:H films, are presented in 
Figure 4. In the spectra of the E-mode plasma, the H-alpha line is clearly distinguishable and 
the NH2 band is also present. In the H-mode, however, the spectrum features distinctive 
signatures of pure hydrogen and nitrogen species, as well as CH and CN species. Like the 
spectrum of pure ammonia plasma (without the a-C:H sample), this suggests a high degree of 
dissociation of NH3 molecules. Moreover, the presence of CH and CN lines indicates that 
both hydrogen and nitrogen species are involved in the erosion process. The relatively weak 
signature of mixed nitrogen-hydrogen species indicates that the rates of the re-formation of 
the NH3 molecule are significantly lower than those of the erosion process or the 
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recombination of N2 and H2 molecules, and that the surface processes do not result in the 
formation of nitrogen-hydrogen species, such as the HCN molecule. 

The average erosion rate obtained in the E-mode was 0.10 nm/s ± 0.05 nm/s. The 
average erosion rate obtained in the H-mode was 4.0 nm/s ± 0.9 nm/s. While the double 
Langmuir probe measurements clearly show that the density of charged species, which could 
directly or indirectly contribute to the erosion process, is higher in the H-mode, the OES 
measurements indicate that the difference in the erosion rates could be attributed to other 
influences beside the sheer density of active species. Namely, the high CN peak in the 
spectrum suggests that the key species in the erosion process are nitrogen atoms. In this part 
of the experiment, the sample holder was not actively heated and the a-C:H samples were at 
room temperature. 

 

a) 

 

b) 

 

Figure 4: Optical emission spectrum recorded during the erosion of a-C:H in plasma of 
ammonia a) in E-mode, and b) in H-mode 

 

3.3 Effect of surface temperature 

Erosion rates of a-C:H at various surface temperatures are presented in Figure 5. The 
measurements were performed in the E-mode, at source gas pressures between 15 Pa and 75 
Pa, and set generator forward powers between 100 W and 300 W. Among the three 
parameters varied in this part of the experiments, the surface temperature exhibits the 
predominant influence on the erosion rates. 

At the room temperature and 150 °C, the erosion rates do not change much with the 
increase of pressure. However, at 250 °C, the erosion rates were found to increase with 
pressure. This indicates that at higher pressure, more reactive species are produced. Although 
the density of charged particles is decreasing with pressure in this discharge regime, densities 
of active species, most likely neutral ammonia radicals (NH2, NH) are higher at higher 
pressures. 

At surface temperatures up to 150 °C, the rate of the erosion process appears to be 
temperature limited. Increasing the density of active species does not result in an increased 
erosion rate. At 250 °C, the trend of the erosion rate does not show signs of saturation. This 
indicates that at this temperature, the rate of the erosion process is limited by the density of 
active species. 



1114.7 

a)  

b)  

c)  
Figure 5: Erosion rates plotted against the source gas pressure, recorded when the sample 

surface was at room temperature (RT), 150 ° and 250 °C. The plasma system was operating 
in the E-mode at set forward powers of a) 100 W, b) 200 W and c) 300 W 

 
In the H-mode, much higher erosion rates were obtained without actively heating the 

sample surface. As Figure 3 indicates, the population of plasma species is significantly 
different, as the NH species are replaced by neutral N atoms. This suggests that N atoms are 
more effective at erosion of a-C:H even in the low-end of the range of surface temperatures 
than the NH species are at elevated surface temperatures. 

 

4 CONCLUSIONS 

In modern days fusion devices, carbon-based materials are being phased out due to the 
problems linked to fuel retention through the formation of a-C:H deposits. However, carbon-
based materials have more suitable thermal properties than tungsten, which is used as a 
replacement. Tungsten-based plasma facing components are more susceptible to thermal-
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induced damage than their carbon counterparts. In order to alleviate the problem of fuel 
retention, a solution of efficient removal of a-C:H has to be found. Chemical methods of fuel 
removal have so far shown promising results, especially oxidation. Because use of oxidation 
may pose as a too great risk of damage to in-vessel components, ammonia has been suggested 
as an alternative. 

Experiments of erosion of a-C:H deposits by plasma of ammonia were performed to 
study the feasibility of application of ammonia as a fuel-removal medium. The plasma was 
created by means of an inductively coupled radiofrequency generator in pure ammonia at 
pressures from 15 Pa to 75 Pa. Depending on the source gas pressure and the set forward 
power of the generator, the plasma system was operating either in the E-mode or the H-mode. 
The H-mode is characterised by a greater density of charged particles. Moreover, in the E-
mode, the plasma is populated mostly by NH species whereas in the H-mode, the ammonia 
molecules are dissociated to a high degree and the predominant radicals present in the plasma 
are N and H atoms. 

As a contrast to the E-mode, optical emission spectroscopy showed peaks of CH and 
CN species in the H-mode. The intensity of the CN peak was far greater than that of the CH 
peak. This suggests that the N atoms are more effective at eroding the a-C:H deposits than the 
H atoms. The erosion rates in the H-mode were by an order of magnitude higher than in the 
E-mode. This suggests that the N atoms are also much more effective in eroding the a-C:H 
deposits than the NH radicals. 
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