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ARTICLE INFO ABSTRACT

Keywords: Siliconization using 10 % SiD4 + 90 % He assisted by ion cyclotron range of frequency discharge (ICRF) or glow
Siliconization discharge (GD) was performed in EAST with full tungsten (W) diverters. It was found that the coated Si film on W
Tungsten sample at a higher baking temperature (160 °C) was smoother than that at a lower baking temperature (60 °C).
Plasma . . . . . .

EAST This was mainly because physically adsorbed gaseous impurities were released at a higher baker temperature.

This process improved the adhesion between the film and the surface of W. An increase in the ICRF working
power from 20 kW to 40 kW further increased the Si content and the film thickness by 1.5 times. The cleaning
efficiency of ICRF on the surface of the W sample before siliconization was higher at 40 kW than that at 20 kW,
which facilitated the removal of oxides and other compounds from the surface of W. The ratio of silicon/oxygen
(Si/0) and the thickness improved considerably due to greater ionization and deposition of SiD4. Additionally,
siliconization via GD was more uniform and 1.5 nm thicker than that via ICRF, which was because of the greater
working gas pressure, coating duration, and homogeneity in GD. These results might be used as a reference for

evaluating the effect of siliconization on plasma performance and its application in fusion devices.

1. Introduction

Nuclear fusion is a viable alternative to carbon-dependent energy
sources [1]. To make power plants with nuclear fusion economically
sustainable, maintaining high-performance plasma under steady-state
conditions for long pulse durations in the fusion device is necessary
[2]. However, plasma-material interaction (PMI) is a key issue in the
realization of practical fusion power since the beginning of fusion
research [3]. Fuel recycling and the presence of impurities arising from
PMI produce long pulse and high-performance plasmas. High recycling
and concentration of impurities in the plasma can degrade plasma
confinement, causing uncontrollable changes in plasma density and
disruptions. Thus, selecting a suitable plasma-facing material (PFM) and
wall conditioning method can effectively decrease the PMI and improve
performance of plasma.

Tungsten is a plasma-facing material and used in several fusion de-
vices. In the future, it might also be used in ITER devices due to its high

thermal conductivity, high melting point (3,680 K), and low sputtering
rate [4-6]. After being commissioned in 2005, the EAST device was
operated with graphite diverters for eight years up to 2012. When the
heating power goes above 10 MW, the heat flux loaded on the diverters
can increase rapidly over 10 MW m™2 for long pulse operations. To
accommodate the high heat load in the EAST, the ITER-like W diverter
was developed to be used as the upper and lower diverters in the EAST
[7]. However, these diverters have several limitations, including W
melting, cracking, and W impurity due to the strong interaction between
W wall, and high-temperature plasma. The problems might erode and
damage the wall material, causing plasma confinement degradation.
Therefore, it needs to develop some wall conditionings to improve the W
wall condition and mitigate the interaction between the W wall and high
temperature plasma [8].

Some advanced wall conditioning technologies have been developed
and widely used in fusion devices for processes such as baking, discharge
cleaning, boronization, siliconization, and lithium coating [9]. Baking
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can effectively desorb low-energy impurities (gaseous impurities
adsorbed to the first wall, such as H,0, CO3, N3, and O3) from the wall
materials. However, it is restricted by the baking temperature and
duration and cannot eliminate high-energy impurities (binding energy
> 2.5 eV) [10]. Discharge cleaning, including GDC and ICRF, might be
used for decreasing impurities and stabilizing plasma. To further control
impurities and fuel recycling and improve plasma performance, some
wall coating methods, such as boronization [11], lithium (Li) coating
[12], and siliconization [9], were used. These coatings were assisted by
glow discharge (GD) and ion cyclotron range of frequency discharge
(ICRF). Diborane(BoHg) [9], trimethylboron B (CHs)s [13], decaborane
BioH14 [14] and carboranes C3BigHi2 [15] have been applied for
boronization in DIIID [11], LHD [16], and ASDEX [17], ASDEX Upgrade
(AUG) [18], and EAST [9]; their application improved plasma perfor-
mance. However, due to H has been introduced from these boranes, the
H/(H + D) ratio kept very high, which has been observed in EAST [19].
Lithium coatings were applied using lithium evaporation and lithium-
particle real-time injection to TFTR [20], EAST [21], and NSTX [22].
Lithium coatings effectively removed H isotopes and other impurities,
which reduced particle recycling and improved plasma confinement.
However, due to the short lifetime (~300 s) of Li and because most of
the tritium present was captured by the Li coating, its application in
future fusion devices was limited [23]. In TEXTOR and HL-1M, silico-
nization can reduce particle recycling by using a mixture (0.9 He + 0.1
SiHy) [24,25]. For further reducing the release of H, and the ratio of H/
(H + D), a new silane SiD4 was proposed for application in siliconization
on the full tungsten diverter in EAST. In this study, the main emphases
are the comparison of the Si film characteristics on the tungsten material
sample with various coating conditions, including baking temperature,
ICRF power, and discharge types in EAST.

2. Experimental setup

Siliconization was normally conducted using a mixed gas of 10 %
SiD4 + 90 % He and assisted by ICRF or GD in EAST. The ICRF discharge
was performed using a set of antenna located at the B window, corre-
sponding to two sets of 50 kW RF transmitters. During ICRF discharge,
ICRF power, and working pressure were set at 20-40 kW, and ~ 1072 Pa,
respectively, in the presence of a toroidal magnetic field (Bt) of ~ 0.2 T.
The gas pressure was kept constant adjusted by feedback control system
during ICRF discharge, and it means that removed impurity gas and part
working gas would be pumped with ICRF-off phase. Due to overheating
issue at the antenna and interface, the duty time was set at 0.5 s on/5 s
off, which is usually for wall cleaning, i.e. to pump the released species
without ionization. The glow discharge was performed using four fixed
anodes, located at the P-A, B-C, F-G, and J-K windows. During glow
discharge, each anode had a power of 400 W (2 A, 200 V), and the
working pressure was ~ 107! Pa, with Bt = 0 T.

The tungsten (W) samples were in the form of sheets (13 mm x 10
mm x 1 mm), and the sample surface was mechanically polished using
diamond powder. Before the coating experiments, all samples were
cleaned ultrasonically with high-purity alcohol (99.9 %). The W samples
were placed on an experimental platform in the Materials and Plasma
Evaluation System (MAPES) located at the H port and inserted into the
vacuum vessel at R = 2.356 m (main limiter located at R = 2.35 m)
during siliconization. The angle of the magnetic field direction (0)
relative to the sample surface was ~1.5°. The MAPES consisted of di-
agnostics, a vacuum chamber, and cooling and heating systems [26].
Before siliconization, the W samples were inserted into a vacuum vessel
of EAST using MAPES. Then, He-ICRF/GDC and baking (at 60 °C and
160 °C) were performed for about 30 min to remove gaseous impurities
(e.g., Hy0 and CO3) by adsorption to the surface of W to achieve good
substrate conditions. The coating duration of siliconization assisted by
He-ICRF and He-GD was about 110 min. The working gas pressure with
10 % SiD4 + 90 % He during siliconization by ICRF and GD was 0.01 Pa
and 0.1 Pa, respectively. During siliconization, the W samples were
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baked at ~60 °C and 160 °C by the baking module of the MAPES. The
power of He-ICRF was 20 and 40 kW, and the GD power was 1.6 kW. The
experimental parameters are listed in Table 1.

After the Si coating experiment, the platform was withdrawn to the
vacuum chamber of the MAPES. Then, the W samples with the Si film
were placed in an Ar atmosphere. Scanning electron microscopy (SEM)
and X-ray photoelectron spectroscopy (XPS) were performed to char-
acterize the microstructural properties, thickness, and composition of
the Si film. The XPS analyzed the elements of C, O, Si, and W. The
samples were exposed to air before conducting the XPS analysis about 5
min. Thermal desorption spectroscopy (TDS) was performed to analyze
the gaseous impurities released from these samples.

3. Results and discussion
3.1. Characteristics of the Si-coated film assisted by ICRF

The SEM micrograph of the W samples showed some spots, scratches,
and scars on the surface before the coating experiment, which probably
occurred because of mechanical polishing, as shown in Fig. 1. The dark
spots indicated the presence of oxides.

The microstructure and the results of the XPS analysis of the surface
of the W samples after performing siliconization via ICRF experiments at
20 kW working power and ~60 and 160 °C baking temperatures are
shown in Fig. 2. The scars on the original W surface were covered by the
Si film on both surfaces of the sample. As shown in Fig. 2(a), when the W
substrate was exposed to a lower baking temperature, many bubbles and
folds were formed on the film. Additionally, the diameter of the folds
was 75-80 nm, and the ratio of the area of bubbles and folds to the whole
surface area of the film was almost 60 %. These findings indicated that
the adhesion between the film and the W surface was poor under this
condition, and it could break or fall off if the film was bombarded by
plasma. However, the film on the W substrate at a higher baking tem-
perature (about 160 °C) was flat and smooth, and no bubbles and folds
were formed (Fig. 2(b)). Thus, the adhesion between the film and the W
surface was better at the higher baking temperature.

The distribution of the components in the film was analyzed by XPS
(Fig. 2c and 2d). As shown in Fig. 2(c), the analysis to determine the
distribution of the elements of the film on the W sample at ~60 °C and
from O to 1.2 nm showed that the main elements on the film surface were
C, O, Si, and W respectively. The content of C and O was higher than that
of the other two elements, which had an obvious relationship with low
baking temperature. Because most of CO5 and HO impurity gases would
still retain on the W sample after low temperature baking, which will be
described in the discussion part in detail. When the Si coating, the im-
purity gases would react with Si film to form some compounds including
C and O. In addition, due to He plasma sputtering, C and O on sample
surface will be removed and redeposited with Si. Therefore, with the low
temperature baking case, the C and O elements on the Si film surface
were relatively high. From 1.2 to 3.0 nm, the content of C, O and Si
decreased, while the content of W continued to increase. As shown in
Fig. 2(d), from O to 0.6 nm, the content of Si and W increased, but the
content of C and O decreased slightly. The content of Si was higher than
that of the other elements including C and O because high temperature
baking could effectively desorb gaseous impurities before Si coating,
such as Hy,O and CO,. From 0.6 to 3.0 nm, the content of O increased to a
peak value, and then decreased. The Si and C content decreased, while

Table 1
Experimental parameters of siliconization on tungsten surface.
Power/kKW Pressure/Pa Temperature/°C
Siliconization assisted by ICRF 20 0.01 ~60
20 0.01 160
40 0.01 ~60
Siliconization assisted by GD 1.6 0.1 160
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Fig. 1. The SEM image of the original W surface.

the content of W increased rapidly. After 3.0 nm, the decrease in the
content of C and O weakened. When the content of Si was zero, the curve
of W flattened, indicating that the Si film thickness on the W sample at
160 °C was also ~3.0 + 0.1 nm.

We also analyzed the chemical properties of the coating with sili-
conization assisted by ICRF from six points at different depths, which
were located at 0.0 nm, 1.2 nm, 2.4 nm, 3.6 nm, 4.8 nm, and 6.0 nm
beneath the Si film surface, as shown in Fig. 3(a-c). As shown in the Si 2p
spectra (Fig. 3(a)), at 60 °C, the Si 2p peaks appeared at 100.40 eV and
101.90 eV on the surface and 1.2 nm beneath the film surface, respec-
tively, along with the binding energy peaks of O 1 s at 530.40 and
532.40 eV (as shown in Fig. 2(b)), which corresponded to SiOy. This
indicated that the oxidation reactions of Si could occur at low
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temperatures. However, the SiO5 peak at 100.40 eV disappeared and the
SiO4 peaks at 99.50 eV and 101.90 eV were found on the surface of the
film when the W sample was baked at 160 °C. Moreover, within 1.2 nm,
only the peak of SiO, was detected at 101.90 eV. According to Fig. 2(c,
d), the content of Si in the thickness range of 0-1.2 nm were the second
and first constituents, corresponding to the backing temperature of W
samples at 60 and 160 °C, respectively. This indicated that the content of
Si increased when the W substrates were baked at a higher temperature
during the coating test. Additionally, as shown in Fig. 3(c), the binding
energy curves of the W 4f spectra were similar when the W samples were
baked at 60 °C and 160 °C. The WO3 and WOj3 peaks at 31.37 eV and
33.56 eV, respectively, along with the O 1 s peaks at 530.40 and 532.4
eV from 2.4 to 3.0 nm of the film were attributed to the oxidization of the
surface before the experiment. In this experiment, the quality of Si
coating was defined through morphology, thickness and component.
The surface of film was smoother, the thickness was thicker and the
content of Si improved, such film was defined high quality. Thus, based
on the results of the SEM and XPS analysis, it can draw the conclusion
that the W substrates at a higher temperature can improve the quality of
the Si coating.

The SEM images and XPS characterization results of siliconization
via ICRF at 60 °C and higher working power of 40 kW are shown in
Fig. 4. As shown in Fig. 4(a), after siliconization, the surface of the W
sample was uniformly covered by the Si film. Compared to the results
described previously (Fig. 1), the scratches and scars on the W surface
disappeared due to the formation of the coated Si film. Compared to the
number of bubbles and folds described in Fig. 2 (a), almost no bubbles
and folds were visible, which was similar to the findings described in
Fig. 2(b), where the surface had a smooth and compact microstructure.
These findings indicated that the higher working power of ICRF can
enhance the adhesion of the film and the W surface.

As shown in Fig. 4(b), from 0 to 1.2 nm, the content of Si increased
rapidly and reached a peak value, which was higher than that of C, O
and W. The content of C and O decreased and W increased slightly.
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Fig. 2. The SEM images and the results of the XPS analysis of the surface of the W samples for Si coating via ICRF at 20 kW working power and 60 °C and 160 °C
baking temperature: (a) the microstructure of the Si film at 60 °C; (b) the microstructure of the Si film at 160 °C; (c) the distribution of elements with film thickness at

60 °C; (d) the distribution of elements with film thickness at 160 °C.
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Fig. 3. The XPS spectra of the Si coating on the W samples via ICRF at 20 kW working power and 60 °C and 160 °C baking temperature: (a) Si 2p spectra; (b) O 1 s

spectra; (c) W 4f spectra.
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Fig. 4. The SEM images and the results of the XPS analysis of Si coating on the surface of the W samples performed by ICRF at 40 kW working power and 60 °C
baking temperature: (a) the microstructure of the film; (b) the distribution of the elements with film thickness.

Additionally, from 1.2 to 4.5 nm, the content of Si decreased rapidly and
almost became zero. The content of C and O increased and reached a
peak value rapidly and then declined, while the content of W increased
rapidly. After 4.5 nm, the curves of the contents of C, O, Si, and W
became flat. These results showed that the thickness of the film that
coated the W sample baked at 60 °C and 40 kW ICRF working power
was ~4.5 £ 0.1 nm, which was thicker than the film that coated the
sample at 20 kW working power of the ICRF.

The results of the analysis of the chemical properties of the Si-coated
W samples after siliconization, assisted by ICRF are shown in Fig. 5(a-c).
As described in the previous experiment, we selected six points beneath
the surface of the film (1.2 nm, 2.4 nm, 3.6 nm, 4.8 nm, and 6.0 nm) to

conduct the analysis. As shown in Fig. 5(a), the Si 2p spectra were
located around 97-105 eV. For the surface of the Si film, there were two
peaks located at 99.30 eV and 103.00 eV (along with the O 1 s spectral
peak at 532.4 eV (Fig. 5(b))), respectively, which corresponded to SiO,.
These spectra indicated that the surface of the Si film was slightly
oxidized while being transferred to the XPS system in the air. From 1.2 to
2.4 nm, only the Si peaks located at 99.30 eV and 102.00 eV were
observed. The Si 2p spectra of the remaining three positions showed no
significant peaks. These results suggested that the main component of
the film was Si. Additionally, as shown in Fig. 5(c), the W 4f spectra were
in the region of 29-39 eV. From the surface to a depth of 1.2 nm, the
curves of the W 4f spectra were flat. From a depth of 2.4 nm to the
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Fig. 5. The XPS spectra of the Si coating on the surface of the W sample formed by ICRF at 40 kW working power and 60 °C baking temperature: (a) Si 2p spectra; (b)

O 1 s spectra; (c) W 4f spectra.

surface of the W sample, two peaks were detected at 31.20 eV and 33.40
eV. These peaks corresponded to W and WO, respectively, which were
different from WO and WOj3 on the surface of the W samples, as shown
in Fig. 3(c). These findings indicated that the oxidized surface of the W
sample was cleaner when ICRF was applied with higher working power.
Based on these results, we concluded that high working power can in-
crease the thickness of the film and the content of Si.

3.2. Characteristics of the Si-coated film assisted by GD

The SEM images and results of the XPS analysis of Si-coated samples
produced by conducting GD at 160 °C baking temperature and 1.6 kW

1 pm EHT= 1.00 kV

WD= 3.7 mm

Signal A= SE2
Mag= 10.00 KX

swr
Date: 23 Dec 2021

operating power are shown in Fig. 6. The morphology of the film
deposited on the W sample was smooth and compact and the scratches
were too small for analysis. Also, no grain or bubble was found on the
surface of the Si coating, as shown in Fig. 6(a). The composition of the Si-
coated samples was obtained by XPS. As shown in Fig. 6(b), from 0 to
1.8 nm, the content of O and C decreased. The content of Si rapidly
increased and reached a peak value and the content of W changed
slowly. After 1.8 nm, the content of C slowly increased and arrived
stability, the content of Si decreased and approached zero at 6.0 nm, the
content of W increased quickly, but the content of O maintained a bal-
ance. These results showed that the thickness of the coated film was ~
6.0 £ 0.1 nm.
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Fig. 6. The SEM images and the results of the XPS analysis after siliconization of the surface of the W samples, assisted by GD at 160 °C baking temperature: (a) the

microstructure of the film; (b) distribution of the elements with film thickness.
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The chemical properties of Si-coated samples assisted by GD are
shown in Fig. 7(a-c). As described in the previous analysis, we selected
six points at different depths beneath the sample surface. The Si 2P
spectra of the film surface showed two peaks located at 99.72 eV and
102.60 eV, corresponding to Si (7(a)). From 1.2 nm to 4.8 nm, a Si peak
was found at 99.72 eV. After 4.8 nm, other curves of Si 2P spectra
became flat. In Fig. 7(c), from 2.4 nm to the surface of the W sample, the
W 4f spectra showed two peaks located at 31.47 eV and 33.60 eV, cor-
responding to W and WO,, which were similar to the results of the Si film
formed by ICRF at 40 kW power. These findings showed that the W
sample was cleaner when glow discharge was performed before
siliconization.

4. Discussion

As described in Section 3.1, the Si film on the W surface formed at
160 °C baking temperature and the ICRF working power of 20 kW was
smoother and more compact compared to the Si film formed at 60 °C.
Impurities were removed from the surface before coating (See 2c and
2d) for increasing adhesion. As shown in Fig. 2(c and d), although, the
thickness of the Si film at different baking temperatures were identical,
the content of other species was lower in the normalized plot. The
baking temperature of the W substrate influenced the adhesion and
purity of the Si film. This was probably because the surface of the W
substrate was cleaner at the higher baking temperature. The impurities
with water were effectively desorbed from the surface when the W
sample was baked at a high temperature. As shown in Fig. 8, the gaseous
impurities released from the original W sample at 200 °C were analyzed
by TDS. The results showed that the partial pressure of the released
impurities of HpO, Np, CO9, and Hy increased with the increase the
baking temperature. The content of HoO released was more than that of
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99.72~. —2.4nm

[\ ——3.6nm

4.8nm
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Fig. 8. The results of the TDS analysis of the initial W sample (baked
at 200 °Q).

the other molecules when the baking temperature of the W sample was
maintained at 200 °C for a prolonged period. This indicated that the
initial W sample absorbed a large quantity of H,O and a small quantity
of C02.

The probable chemical reactions that occurred between Si and the
gaseous impurities (HoO and CO») during the Si-coating experiment are
as follows:

Si(g) + 2H,0(g) > Si0,(s) + 2H,(g) (350K, DG = —389.1kJ) )}

Si(g) +CO,(g) > Si0,(s) +C(s) (350K, DG = —452.3KkJ) @)

(b) O1s Silicon-GD The surface of Si film

W(160°C) 1.2nm
—2.4nm

———3.6nm
4.8nm
~ The surface of W sample

Intensity (arb.units)

Binding energy (eV)

(c) W4f Silicon-GD

W(160°C)
-

2
=

=
=

=
&

o)

Z
3 3147~
= :
2 .
= :
=

——— The surface of Si film
——1.2nm
——2.4nm
~——3.6nm

= 33.60

4.8nm
The surface of W sample

35

Binding energy (eV)

Fig. 7. The XPS spectra of siliconization of W samples assisted by GD at 160 °C baking temperature: (a) Si 2p spectra; (b) O 1 s spectra; (c) W 4f spectra.
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The Gibbs free energy (AG) of Egs. (1) and (2) was negative at 60 °C,
which indicated that SiO, was formed when Si was exposed to H,O and
CO». Additionally, the results of the XPS analysis showed that the oxides
of W were also distributed on the surface of the W substrate, as shown in
Fig. 3(c). This was mainly because W reacted with oxygen. The possible
reactions are as follows:

W(s) + 2H,0(g) > WO, (s) + 2Hy(s) (350K, DG = —66.5kJ) ©))
2W(s) +20,(g) S 2WO,(s) (350K, DG = —1048.4KJ) 4)
2W(s) +30,(g) S 2WOs(s) (350K, DG = —1500.9KkJ). (5)

The AG of Egs. (3), (4) and (5) was negative, which indicated that the W
surface could be oxidized while baking the W substrate. These equations
matched the results of XPS analysis, which showed that W oxides were
present on the surface of the substrate in Figs. 3, 5, and 7. Thus, the
oxides of SiO5, WO,, and WO3 were formed when the W substrate was
baked at 60 °C, which led to poor adhesion between the Si film and the
W substrate, as shown in Fig. 3. Bubbles and folds were formed due to
the dampening of the Si film, as shown in Fig. 2(a). The content of Si was
lower than that of O due to the presence of several types of oxides,
including SiO2, WO9, and WOs, as shown in Fig. 2(c). The surface of the
W substrate was cleaner when it was baked at 160 °C, which occurred
because HoO and CO, were partially released (Fig. 8). At this tempera-
ture, a smaller amount of WO, and WO3 was formed on the surface of the
W sample, and a smaller amount of SiO, was generated during the Si
coating experiment, which resulted in a higher content of Si in the film
and better adhesion between the Si film and the W substrate. Hence, no
bubbles and folds appeared on the film and the content of Si on the film
surface was higher than that of O and W, as shown in Fig. 2(b) and 2(d).

For ICRF discharge, the light brightness measured by camera from
horizontal port was stronger with 40 kW ICRF discharge than that with
20 kW ICRF discharge, as shown in Fig. 9. The possible reason is that
plasma density is proportional to the coupled RF power. When the
plasma density becomes high enough with higher coupled RF power, the
plasma waves can start propagating causing further ionization and
plasma build-up along the torus. Due to the increase of both the electron
and the He densities, it can increase particle removal rate when ICRF
discharge cleaning is performed with the higher RF power. Similar re-
sults was also observed in the W7-AS, it was found higher working
power was helpful to improve cleaning efficiency [27].

For Si coating assisted by 20 kW and 40 kW RF power, the thickness
and characteristics of Si coated films were different. For the W sample
baked at 60 °C, we compared the Si-coated films formed via ICRF at 20
kW and 40 kW. As shown in Fig. 4, the surface of the Si film was uniform
and the thickness of the film increased to 4.5 nm from 20 kW to 40 kW.
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Additionally, the content of Si at 40 kW was higher than that at 20 kW.
This was mainly due to two reasons. The first reason was that the
cleaning capability of ICRF before Si coating was significantly higher
when the working power was high. The adsorbed low-energy gaseous
impurities, such as HyO and CO», were released, and the W oxides on the
surface of the W sample were decomposed and removed. This produced
a cleaner surface at 40 kW than at 20 kW. These results strongly indi-
cated that W was detected in the XPS analysis (Fig. 5(c)). Therefore,
while performing Si coating with ICRF, the adhesion of the Si film at 40
kW working power was better than that at 20 kW when the baking
temperature was 60 °C (Fig. 4(a) and 2(a)). A small amount of SiO5 was
detected on the surface of the W substrate, and the main component of
the coating from 1.2 to 2.4 nm was Si. The content of Si was higher than
that of O and W in the film, as shown in Fig. 4(b) and 5(a). In the W7-AS
stellarator, higher working power was found to increase cleaning effi-
ciency [27]. The Si and SiO; peaks were found in the Si 2p spectra (Fig. 5
(a)) because the Si film became slightly oxidized while being transferred
to the XPS system in the air. The second reason was that the energy of
Si** and SiD{"®* and flux increased significantly when the working
power of the ICRF was increased. During siliconization via ICRF, SiD4
was initially ionized to Si** and SiD{***, and then, the ions moved to
and were deposited on the first wall. As shown in Fig. 10(a), at 20 kW,
the contents of the gases with a mass number of 28 (Si, Ny, and CO), 30
(SiD*"), 32 (SiD3" and 0y), and 34 (SiD3") were approximately 24 %,
9.3 %, 39.7 %, and 27 %, while the content of SiD4 (mass number 36)
was only 1 %. As shown in Fig. 10(b), SiD4 was not detected. The con-
tents of the gases with a mass number of 28, 30, 32, and 34 were 33 %,
6.5 %, 38.5 %, and 23 % at 20 kW. These results showed that higher
working power increased the siliconization rate.

The evolution of working gases during siliconization via ICRF at 20
kW and 40 kW working power and 60 °C baking temperature is shown in
Fig. 10. RGA was measured during the discharge. As the ICRF working
power increased, the ion flux and energy also increased; thus, the
number of ions that reached the sample surface was higher, and the time
required for the ions to reach the sample surface was shorter, and the
ions avoided being pumped away by the pumping system. This process
led to the formation of a Si film that was thicker than that formed under
the lower working power of ICRF, as shown in Fig. 2(c) and 4(b).

The Si particle influx per unit area onto the surface of the W sample
can be described as:

I'; = n.C,sind 6)

Here, n represents the edge plasma density, Cs represents the ion sound
speed, and 0 represents the angle of the magnetic field line with respect
to the sample surface [28]. During the sample surface cleaning and sil-
iconization, the magnetic field is only toroidal magnetic field. The angle
of the magnetic field direction relative to the sample surface was fixed at

(a)

Fig. 9. Comparison of light brightness with different RF power (a) 20 kW and (b) 40 kW.

(b)
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Fig. 10. The evolution of working gases during siliconization via ICRF at 60 °C and working power of (a) 20 kW and (b) 40 kW.

6 ~ 1.5°. In Eq. (6), the ICRF under higher working power corresponded
to higher gas ionization, which increased the ion density and tempera-
ture, thus increasing ion flux and the thickness of the coated film. In
addition to the magnetic field angle, the influence of the magnetic field
strength on cleaning and coating homogeneity is discussed here. The
evolution of partial pressure of various gases during ICRF cleaning with
different toroidal magnetic field (B = 0.5 T, 1.0 T, 2.0 T) is shown in
Fig. 11. The partial pressure of various gases was almost kept constant
under different toroidal magnetic field. The real-time photographs
monitored by high-speed camera during ICRF cleaning discharge with
different toroidal magnetic field, confirms that the ICRF plasma homo-
geneity is similar, except for the two slight toroidal bright belt located at
the same major radial position with the ICRF cleaning antenna (R = 2.5
m) as shown in Fig. 12. Therefore, the homogeneity of wall cleaning has
no obvious difference with different toroidal magnetic field strength.

During the Si film with ICRF discharge, it was proved that the film
thickness was very uniform along the toroidal direction. The real time
thickness of Si coated film analyzed by film thickness meter QMB (quartz
crystal microbalance systems) during Si coating assisted by ICRF
discharge, as shown in Fig. 13.Three QMBs located at C and J ports were
used to evaluate the uniformity and coating rate. The major radius of
QMB, QMB2 and QMB3 was 2.65 m, 2.73 m and 2.73 m respectively. It
was confirmed that the growth of Si film was stable and the homogeneity
of the coating was well by comparing the film thickness of the C and J
ports.

Compared with ICRF discharge, the structure of the glow discharge
system is relatively simple. Therefore, the glow discharge has become
the routine discharge cleaning method in many tokamaks [18,29,30].
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Fig. 11. The evolution of partial pressure of various gases during ICRF
discharge with different toroidal magnetic field strength.

GDC discharge is more uniform for wall cleaning and coating in the
vacuum vessel, as shown in Fig. 14. In EAST, four stainless steel anodes
are fixed at the vessel wall of plasma vacuum vessel and the first wall of
the whole device is a cathode [31]. The voltage between the anode and
cathode is 1000 V when the plasma is breakdown and then it keeps at the
200 V during regular GDC discharge. DC glow discharge only relies on
limited electric field and sheath potential to accelerate ions, the energy
obtained by ions is limited to <10 eV. Meanwhile, the permanent
presence of toroidal field between plasma discharges in fusion devices
limits GDC cleaning application. For ITER device, GDC wall condition-
ing is still designed and applied when vent to air or during machine non-
operation maintenance without magnetic field. The primary advantage
of ICRF discharge is that it could be applied with the existing of the
toroidal magnetic field. Compared with DC glow discharge, RF
discharge has higher heating power (20-40 kW), and the electron and
ion can obtain higher energy. It is reported that the electron temperature
for helium RF plasmas is in the range 3-50 eV in the reference [32],
which is helpful to remove high-energy impurities from the first wall
surface.

Siliconization performed via GD at 160 °C produced a smoother and
thicker coating than that obtained by performing ICRF at 20 kW and
160 °C. The content of Si was also higher, as shown in Fig. 2(b, ¢) and 4
(a, b). As described in Section 2, the glow discharge was normally set to
run continuously, and it was performed using four fixed anodes (400 W
for each anode) at 107! Pa. The ICRF discharge was performed using a
set of antennas, 2 sets of 50 kW RF transmitters. Overall, it was more
uniform than ICRF. During siliconization performed by ICRF discharge,
the duty time and the working pressure were normally set at 0.5son/5 s
off and 1072 Pa, respectively. Although the working power of ICRF was
higher than that of GD, the actual working duration of ICRF was about
10 min, which was considerably shorter than the working duration of
GD (110 min). Thus, the efficiency of GD was higher than that of ICRF,
which was confirmed in EAST. As shown in Fig. 7(c), the W peaks were
detected in the W 4f spectra. The pattern was similar to that observed for
siliconization via ICRF, which indicated strong adhesion of the Si film
with the W substrate and a high content of Si in the film.

The working gas pressure of GD was about 0.1 Pa, which was 10
times greater than that of ICRF. The evolution of the working gas during
siliconization of the W sample via ICRF and GD at 20 kW and 1.6 kW
working power and 160 °C baking temperature is shown in Fig. 15. The
partial pressure of various gases during ICRF and GD was monitored by
residual gas analyzers (RGA). Because the coating duration of siliconi-
zation assisted by He-ICRF and He-GD was about only 110 mins, and it
would produce little influence on sensitivity of RGA. As shown in Fig. 15
(a), the gas pressure of gases with a mass number of 28 (Si, Ny, and CO),
30 (SiD3+), 32 (SiD%+ and O»), and 34 (SiD%*) was approximately 1.33
x 1076 Pa, 5.52 x 107 Pa, 2.34 x 107° Pa, and 1.59 x 107° Pa, while the
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(a)

(b) (c)

Fig. 12. Real-time photographs monitored by the high-speed camera during ICRF discharge with different toroidal magnetic field: (a) BT = 0.5 T; (b) BT = 1.0 T; (c)

BT = 2.0 T.
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Fig. 13. Real-time thickness analyzed by film thickness meter.

Fig. 14. Picture of glow discharge cleaning took by the visible camera.

gas pressure of SiD4 was around 1.00 x 108 Pa. As shown in Fig. 15(b),
the gas pressure of the gases with a mass number of 28, 30, 32, and 34
was 5.67 x 10 Pa, 4.28 x 107 Pa, 1.75 x 107 Pa, and 1.08 x 107 Pa,
while the gas pressure of SiD4 was 3.55 x 1077 Pa. During siliconization
via GD, the content of ionized Si increased significantly, which indicated
that GD enhanced the ionization process. Additionally, SiD4 could be
further ionized, and the ionized particles were easily deposited on the
first wall due to the long operation time of GD. This indicated that more
particles were ionized during siliconization via GD than that during
siliconization via ICRF coating. The main component of the film was Si.
These reasons favor the formation of Si films via GD, as shown in Fig. 2
(¢, d) and 6(b).

In addition, we have made an estimation on the Si sputtering by He
during the ICRF Si coating using the ERO code [33]. According to the
local plasma conditions, the ne is lower than 1 x 107 m~2 and Te is
about 5 eV. The erosion rate of Si by He sputtering is around 0.005 nm/s,
which can’t be neglected compared to the coating rate. It provides a
reasonable explanation why the thickness of Si coated film is only few
nanometers via 110 min coating. Next step, if possible, we will try to
reduce He ratio to < 80 %, and further investigate the Si film
characteristics.

5. Conclusion

To reduce the strong plasma-tungsten wall interaction and promote
plasma steady-state operation, siliconization using 10 % SiD4 + 90 % He
via ICRF or GD was performed in EAST. The characteristics of the film
with various Si coating conditions, including baking temperature, ICRF
power, and discharge types, were investigated and compared. The
conclusions might be summarized as follows:

(1) A higher baking temperature of the W sample released more
physically absorbed gaseous impurities, especially water. More
compact and smoother Si films were obtained at a higher
temperature.
Increasing the ICRF working power from 20 kW to 40 kW further
increased the ratio of Si/O in the Si film. Thus, higher working
power helped to remove surface oxides and other compounds. It
also increased the silane ionization rate, and more SiD¥™®* ions
were coated on the surface of the W sample. This, in turn,
increased the thickness of the Si film.
(3) Siliconization via GD was more uniform and thicker, and the ratio
of silicon/oxygen (Si/O) was considerably higher than that ob-
tained by siliconization via ICRF. These changes were due to a

(2
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Fig. 15. The evolution of the working gas during siliconization via ICRF and GD at 160 °C: (a) ICRF coating at 20 kW, (b) GD coating at 1.6 kW.

higher working gas pressure, longer coating duration, and more
homogeneous discharge under GD.
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