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Abstract. One of the most critical issues in the operation of tokamak reactors is the
re-deposition of the different materials from various parts of the reactor. The redeposition processes affect the lifetime of the reactor components, contributing to the
contamination of the plasma and its fast extinction. To this end, the aim of this work is
to investigate some of the properties of mixed materials based on C-W-Mg in the form
of thin films, and the effects of exposure to nitrogen, argon and hydrogen plasmas on
these properties. The motivation of our study results from practical considerations
related to materials used in reactors: for reactor wall coatings candidate materials are
beryllium (Be) and graphite (C), whereas tungsten (W) is considered for the divertor.
In our reported experiments, due to its high toxicity during handling, Be was replaced
by magnesium (Mg), which possesses similar properties concerning the interaction of
the walls elements with the fusion plasma. The surface morphology of the PLD
deposited thin films was studied by Scanning Electron Microscopy (SEM). The
thicknesses were investigated by spectroscopic ellipsometry (SE). The composition was
assessed by energy dispersive X-ray spectroscopy (EDX) and secondary ion mass
spectrometry (SIMS).
Key words: tungsten, composite materials, pulsed laser deposition.

1. INTRODUCTION

Fusion plasma can interact directly or indirectly with the different
components of a fusion reactor (e.g. divertor first wall). These components can be
coated with appropriate materials. Low-Z elements, such as beryllium (Be) and
graphite (C), are used for the first wall due to their high melting point, whereas
elements having high-Z, such as tungsten (W) [1, 2], which has low sputtering
yield, are used for the divertor Such coatings are considered for plasma-facing
materials (PFM) in the construction of ITER [3, 4].
In the particular case of Be, one of the motives for its replacement in practical
experiments is its high toxicity [5-8]. Therefore, in our experiments beryllium has
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been substituted by magnesium, which possesses similar properties [9]. In addition,
seeding gas impurities, such as argon and nitrogen, can be implanted to increase
the capability of the divertor to radiate power [10].
Various problems can appear during the fusion process, that relate to erosion
[11], re-deposition [12], migration and retention of impurities from fuel trapping,
such as hydrogen, and seeding impurities as argon and nitrogen [13].
From what we know so far, the re-deposition process will produce composite
materials, the erosion will generate dust and co-deposits [14-15], while the ion
induced damage (from neutrals, neutrons) will cause an increase of the fuel
retention (hydrogen, etc.) in the walls material [16]. The fuel retention process
induces substantial changes in the materials properties due to the inclusion of
impurity elements [17]. Diffusion calculations of hydrogen in tungsten were made,
with the low solubility of hydrogen in tungsten being well documented [18].
Our study is focused on the mixed materials that involve the erosion of
impurity atoms (from the walls compounds) and their re-deposition along with
nitrogen, argon, and hydrogen [14]. These deposits can produce a strong
contamination of the plasma, leading to fast plasma termination [13]. Therefore,
the different eroded wall materials can react with the fuel and with other impurities,
developing complex mixed materials such as C+W+Mg+H2/N2+Ar+O2, although
the exact erosion rate is unknown [10].
Few methods have been used to respond to such comprehensive research
needs, to obtain fundamental and specific information on composite materials
exposed to N2, Ar, and H2. Previous studies have employed techniques such as
thermionic vacuum arc (TVA) [19], magnetron sputtering and pulsed laser
deposition (PLD) [20] in order to obtain this class of materials.
In this work, we investigate the surface morphology and in-depth
composition of the resulting composite materials obtained in argon, nitrogen and
hydrogen deposition environments.
To the best of our knowledge, the deposition of the mixed materials based on
C-W-Mg through sequential PLD has not yet been reported. Compared to other
thin films growth techniques that are more costly (TVA, physical vapor deposition
– PVD, molecular beam epitaxy – MBE) [19-20], PLD provides a large range of
advantages, such as: i) a fine control of film thickness down to atomic monolayer ,
ii) the stoichiometry of the target can be retained in the deposited films, iii)
congruent transfer can be achieved for many ablated materials or material
combinations, iv) complex materials can be easily ablated, v) the system is
compatible with oxygen and other gases (N2, Ar, H2, D2), vi) a broad pressure
range can be used and vii) cost-effectiveness: one laser can be used for several
deposition systems [21].
The aim of our study was to exploit the advantages of the PLD method for
the deposition of mixed materials for fusion reactors applications and to observe
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the modifications of the surface and compositional characteristics under various
conditions.

2. EXPERIMENTAL
2.1. MATERIALS AND DEPOSITION DETAILS

The deposition of C-W-Mg composite thin films was performed by
sequential pulsed laser deposition (PLD) using three different targets: metallic
tungsten (W), metallic magnesium (Mg), and graphite (C). In the sequential PLD
experimental set-up, a Nd:YAG laser operating in the near IR (λ=1064 nm), having
6 ns pulse duration and 10 Hz repetition rate, was used. The targets (C, W, and Mg)
were placed on a multi-target system to allow for sequential ablation. To avoid the
formation of large defects on the target surface during irradiation, the laser beam
was translated and the targets were rotated, simultaneously. The number of pulses
per element was determined at various pulse sequences (see Table 1).
The C-W-Mg composites were deposited/grown on n-type Si <100>
substrates, at temperatures ranging from 200°C to 600°C. The distance between the
target and substrate varied from 4.3 cm in the case of W, to 3.8 cm in the case of C
and Mg due to the different target geometry.
Table 1
Target composition, the laser fluences and number of pulses used for each target
Target
Laser fluence
Number of
pulses per
element

Graphite
(C)
1.6 J/cm2

Tungsten
(W)
6 J/cm2

Magnesium
(Mg)
1.6 J/cm2

30

80

50

60

160

100

900

2400

1500

The tungsten target was ablated with a laser fluence of 6 J/cm2. For the C
and Mg targets, the laser fluence was reduced to 1.6 J/cm2 (~26.6%), during
sequential PLD deposition.
Furthermore, the amount of elements incorporated in the thin films was
controlled by the number of laser pulses shot on each corresponding target (see
Table 1).
The number of pulses used on each element was chosen as a function of
target ablation yield and different plume dynamics during PLD deposition. From
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our previous studies it resulted that the deposition rates of the ablated materials can
differ by a large margin. Therefore, in order to incorporate similar amounts of W,
C, and Mg, the number of pulses on each target was varied. Moreover, in the last
pulse sequences, in order to increase the samples thickness, it was also necessary to
increase the number of pulses per each element (see Tables 1-2).
Table 2
The list of samples with the pulse sequences, substrate temperature used on each element, and the
chamber pressure

SAMPLE

Pulse sequences

Tsubstrate
(°C)

Working pressure

H2+Ar Different substrate temperature (°C)
P1
P2
P3

(30/80/50)×100

~(C-WMg)×100

(30/80/50)×100

~(C-WMg)×100

400
600
H2+N2+Ar Different substrate temperature (°C)

P4
P5

200

P6
P7
P8
P9

200

400
600

H2+N2 Different numbers of pulses
(30/80/50)×100
~(C-WMg)×100
(60/160/100)×100
400
~((W-C-Mg(2400/900/1500)×10+
W)×10
(2400)×1)
+(W)×1)

0.1 mbar
(Hydrogen +Argon )
(H2-25%)

0.1 mbar
(Hydrogen +Nitrogen
+Argon )
(H2+N2-50%)

0.1 mbar
(Hydrogen +Nitrogen
+Argon )
(H2+N2-50%)

2.2. GAS MIXTURE

The PLD experiments were performed in two types of ambient atmospheres:
i) a mixture of hydrogen and argon, and ii) a mixture of hydrogen, nitrogen and
argon as seeding impurities, respectively [10]. The gases were supplied to the
chamber through a mass flow controller. The total gas flow rate was set to 20 sccm
(cm3min-1), while the chamber pressure was kept at 0.1 mbar during deposition, for
all samples. These parameters were found as optimal after a series of experimental
tests.
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3. INVESTIGATIONS

The resulting samples were characterized in terms of morphological, optical,
and compositional properties by scanning electron microscopy (SEM), spectroellipsometry (SE), energy dispersive X-ray spectroscopy (EDX), and secondary ion
mass spectrometry (SIMS), respectively.
3.1. MORPHOLOGY CHARACTERISTICS OF C-W-Mg STRUCTURES

Morphological measurements were carried out to analyze the surface of the
C-W-Mg composite thin films. The investigations were performed by Scanning
Electron Microscope (SEM) using a FEI Co. apparatus (model Inspect S50).
3.2. THICKNESS AND ROUGHNESS MEASUREMENTS

All the samples were monitored by spectro-ellipsometry measurements to
observe the changes in the surface roughness and thickness for different deposition
parameters. The optical measurements were performed using a Woollam
Spectroscopic Ellipsometer V-VASE32 (J. A. Woollam, Co., Inc. M-2000),
equipped with a high-pressure Xe discharge lamp incorporated in an HS-190
monochromator. In this case, the experimental spectroscopic ellipsometry (SE)
measurements were performed in the 400 − 1000 nm spectral range, using a step of
2 nm and fixed angle of incidence 65°.
3.3. COMPOSITIONAL INVESTIGATIONS

The elemental composition of the samples was evaluated by energy
dispersive X-ray spectroscopy (EDX) using the afore mentioned SEM apparatus
equipped with an energy dispersive X-ray spectrometer (Element Silicon Drift
Detector).
The compositional variations of the mixed C-W-Mg samples were obtained
using the Secondary Ion Mass Spectrometry (SIMS) technique. The installation for
Secondary Ion Mass Spectrometry is a Hiden Analytical SIMS Workstation. It
works with primary argon ions at a pressure of 3×10-5 mbar. The dimension of the
ion spot is about 100 µm, in-depth resolution is around 5 nm and it has a lateral
resolution of hundreds of nm. A depth composition investigation of the samples
was performed.
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4. RESULTS AND DISCUSSION
4.1. MORPHOLOGY CHARACTERISTICS OF C-W-Mg STRUCTURES

The surface morphology measurements performed by SEM indicated that all
samples show various features as a function of deposition parameters. Introduction
of the seeding impurity as N2 and the increasing of the number of pulses clearly
affect the surface characteristics.

Fig. 1 - SEM micrographs of the C-W-Mg samples with the substrate temperature varied and
deposited at a number of pulses of (30/80/50) x100: (top) samples P1, P2, P3 exposed to H2+Ar and
(bottom) samples P4, P5, P6 exposed to H2+N2+Ar during sequential PLD deposition.

In the case of samples based on C-W-Mg exposed only to H2, SEM images
on samples P1-P3 (Fig. 1 top) show surfaces with small protuberance structures.
The increase of substrate temperature does not alter significantly the general
surface morphology. On the other hand, the SEM micrographs of the C-W-Mg
composite thin films exposed to H2+N2+Ar gases during deposition (Fig. 1
bottom), show noticeable differences with varying the substrate temperature. The
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P4 sample exhibits snowflake-like structures on the entire surface, whereas for
sample P5 (obtained at 400 °C) the observed structures appear lamellar. These
lamellar features appear to interconnect after the substrate temperature is increased
to 600 °C (sample P6).

Fig. 2 - SEM micrographs of samples P7, P8, P9 showing surface topographies obtained by SEM of
the C-W-Mg samples exposed to H2+N2+Ar during deposition at a different number of pulses per
element.

Figure 2 displays SEM images at different magnifications of the C-W-Mg
samples deposited at different number of pulses (see Table 1, samples P7 to P9).
The surface of sample P7 displays a porous morphology when the number of
pulses per element was the smallest.
Sample P8 appears to be made of more and better defined snowflakes-like
structures. These snowflakes-like structures may be correlated to random
orientation of the graphite [22]. Sample P9, obtained using the highest numbers of
pulses ((2400/900/1500) x10+ (2400x1)), indicates a smooth surface with some
spherical features.
4.2. COMPOSITIONAL, THICKNESS AND ROUGHNESS INVESTIGATIONS

The composition of the C-W-Mg samples was investigated by secondary ion
mass spectrometry (SIMS) [23]. Typical composition depth profiles of the C-WMg layers are shown in Figs. 3 and 4.
The influence of substrate temperature and H2+Ar exposure on the depth
dependent composition of the C-W-Mg thin films was investigated, and is shown
in Fig. 3. It can be observed that the metal components of the mixed materials (C,
W, and Mg) existed in this layer only as various chemical compounds with
hydrogen. According to our estimations, for the C-W-Mg samples exposed to
hydrogen atmosphere during the deposition, the compositional variation of
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hydrogen and tungsten are similar, and the compositional variation becomes more
pronounced with the increase of substrate temperature. This behavior can be
attributed to the solubility of H2 in W, combined with the trapping effects of the
material that would lead to the insertion of H2 atoms in the voids formed during
sputtering and located throughout the layers.

Fig. 3 - Depth profiling of the C-W-Mg composite layer formed on the Si surface at (30/80/50) x100
pulses in H2 atmosphere: sample P1, at 200 °C; sample P2, at 400 °C; sample P3, at 600 °C.

We assume that the hydrogen concentration decreases with the increase of
substrate temperature, which can be attributed to a desorption of H2, as C and H2
will bond to form a mixed layer of carbon and tungsten [17, 23, 24]. It has been
previously shown that W exhibits fast hydrogen diffusion, but an extremely low
solubility limit [25, 26].
However, when the number of pulses per element is increased, the
compositional variations of the C-W-Mg composite layer become more prominent,
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thereby revealing a thin film having a multilayer structure, as shown in Fig. 4. It
seems that this multilayer growth might be promoted by the high number of pulses
per element.

Fig. 4 - Depth profiling of the C-W-Mg composite layer (sample P9) formed on the Si surface at 400
°C substrate temperature and ((2400/900/1500) × 10+2400) × 1) pulses.

The thickness and the optical properties of C-W-Mg layers were
characterized by Spectro-ellipsometry (SE) technique. From these measurements
the ellipsometric parameters (Ψ, ∆) were extracted. These represent the amplitude
ratio (Ψ) and phase difference (∆) between p- and s-polarized light waves. In
spectroscopic ellipsometry, Ψ and ∆ spectra are measured by changing the
wavelength of incident light. The complex reflection coefficient ρ is defined as:

where Rp and Rs are the Fresnel reflection coefficients for the parallel and
perpendicular polarizations, respectively. Experimental measurements were made
on a spectral range between 400 and 1000 nm, at an incidence angle of 65º. Since
SE is a comparative method, it is necessary to build a model which generates Ψ
and ∆ curve parameters, which are compared to those obtained experimentally. To
prevent issues with parameter correlation occurring upon direct modeling of the CW-Mg composite samples and the fitting of multiple layer thicknesses, the optical
properties of the substrate and native oxide were taken into consideration.
The optical model is a four-phase model comprising: 1) Silicon substrate, 2) SiO2
oxide native layer, 3) two (Lorentz) oscillators (thickness) and 4) the roughness
layer (roughness). Accounting for the void content, the surface roughness layer is
modeled by the Bruggeman effective medium approximation and EffectiveMedium Approximation (EMA) surface roughness layer of 50% void and 50%
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bulk (C-W-Mg) [27]. In the fitting procedure the variables include the thickness
layer and all Lorentz parameters.
Table 3
Summary of C-W-Mg layers thicknesses, roughness and the Lorentz parameters values
Sample
P1
P2
P3
P4
P5
P6
P7
P8
P9

Tsub °C

Thickness (nm)
Roughness (nm)
Hydrogen+Ar exposure
200
24 ± 1.08
12.2 ±1.56
400
28 ± 3.7
12 ± 2.75
600
38 ± 0.42
17.2 ± 0.4
Hydrogen+Nitrogen+Ar exposure
200
44.6± 2.45
28.9± 2.3
400
32.41±0.818
18.8±1.23
600
43.07± 5.23
12.6
H2+N2+Ar exposure at different numbers of pulses
400
32.41±0.818
18.8±1.23
400
47.8± 2.36
0.02± 0.3
400
78.6.±4.14
13..3± 0.02

MSE
1.112
6.283
9.304
19.193
13.67
5.421
13.67
16.393
24.956

Table 3 summarizes the results for each sample after fitting with the mean
square error (MSE) between the measured and modeled spectra, at the 65° angle of
incidence. Also, due to the amorphous nature of composite samples (as it resulted
from XRD analysis - not shown here), and associated inclusions (defects arising
mainly from seeding impurities insertion and oxidation between the layers during
deposition), the fitting in the optical model of the optical constants of C-W-Mg
composite samples results in a MSE variation which indicates a small difference
between the measured and modeled spectra (see Table 2 - MSE column).
The main chemical elements originating from the targets (C, W, and Mg),
along with oxygen, likely from air exposure after deposition, were found through
compositional analysis. Energy dispersive X-ray microanalysis (EDX) was carried
out in order to obtain the chemical local composition of the samples. All data were
acquired at an electron beam acceleration voltage of 5 kV and averaged from at
least three different measuring points indicating that all coatings were distributed
evenly on the substrate. A semi-quantitative relationship of the chemical elements
can be calculated based on their peak sizes in the spectrum.
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Fig. 5 - Graphs representing (left) Mg/O ratio and (right) W/C ratio of the C-W-Mg exposed to H2+Ar
during deposition at a number of pulses (30/80/50) × 100 with varied substrate temperature.

Figure 5 shows the composition variation in terms of Mg/O and W/C ratios
of the elemental components in the C-W-Mg samples. It can be noticed that (P1P3) samples exposed to H2+Ar during the deposition at the same number of pulses
(30/80/50) ×100 and high substrate temperatures (200-600 °C) have a linear
increase in the Mg/O ratio and W/C ratio. This oxygen increase might appear due
to air exposure immediately after deposition. Most probably, Mg diffuses through
the graphite layer and oxidizes at the surface. This is indicated by the recoil of the
carbon peak and movement of the Mg barrier towards the surface. Figure 6 shows
the graphs of C-W-Mg samples with H2+N2+Ar exposure during deposition. In this
case, it was observed that the N2 presence promotes a decreasing trend of Mg/O
and W/C ratios with the increasing of substrate temperature.

Fig. 6 - EDS Graphs representing the (left) Mg/O ratio and (right) W/C ratio exposed to H2+Ar during
deposition at the same number of pulses (30/80/50) × 100 with varied substrate temperature.
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Fig. 7 - EDS Graphs representing (left) Mg/O ratio and b) W/C ratio of the C-W-Mg samples exposed
to H2+N2+Ar at a 400 °C substrate temperature using different numbers of pulses.

Also, for the sample deposited at the highest number of pulses (P9) and
exposed to H2+N2+Ar flow gas, it was observed that with the decreasing of W/C
ratio, the Mg/O ratio increases (see Fig. 7). We assume that the vaporization of
magnesium may play a role in the increase of metal loss of specimens at a high
flow rate.
Moreover, from preliminary results, we have found a tendency towards
spontaneous oxidation when C-W-Mg samples are exposed to the ambient
atmosphere. But it was recently shown that the unavoidable oxygen contamination
in a laboratory substantially increases the hydrogen isotopes content [10].

5. CONCLUSIONS

In this study we investigated some of the morphological, optical and
compositional properties of C-W-Mg thin films deposited by sequential PLD in
mixtures of H2+Ar and H2+N2+Ar atmospheres.
Energy-dispersive X-ray spectroscopy investigations showed that the
elements are homogeneously distributed, but they also revealed significant
oxidation through the layers. The surface topography measurements using SEM
showed the existence surface irregularities, such as lamellar protuberances,
snowflakes and "nanograins". Ellipsometry investigations allowed us to calculate
surface roughness values, which were shown to increase with the introduction of
N2 in the deposition process. Moreover, the additional presence of N2 was found to
strongly impact the overall surface morphologies of the samples, as compared to
those of the samples obtained in H2+Ar.
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The compositional behavior analyzed by secondary ion mass spectrometry
indicates a depth variation of hydrogen and tungsten with increasing substrate
temperature for the C-W-Mg composite samples obtained in H2+Ar atmosphere. CW-Mg samples deposited using a higher number of pulses per element were found
to exhibit a multilayer structure.
We conclude that the exposure to seeding (N2) and intrinsic (H2) impurities,
as well the oxidation in the layers, promote property changes of the intermixed
material. These modifications would lead to different erosion processes of these
materials when used for reactor components (sputtering, re-deposition, erosion, and
retention of H2, co-deposition), along with impurities conducting to the emission of
particles into the plasma during reactor operation. At the same time, the
understanding of these changes could be advantageous for cleaning purposes in
PFCs.
Therefore, our study contributes to explaining the material properties
modifications in terms of erosion, together with the redeposition associated with
the mixed material. The obtained results suggest that intermixed materials exhibit
very different properties. Based on the achieved results, we demonstrate that
sequential PLD is an adequate technique for obtaining composite materials, as well
heterostructures, based on C-W-Mg.
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