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Abstract

The influence of a low-pressure argon arc with a hot tungsten cathode on the thin tin film with a negative bias voltage
applied during the plasma treatment was investigated to study the tin film removal from the sample surface. Samples were
prepared on a stainless-steel substrate using DC magnetron sputtering and hybrid HiPIMS assisted with electron cyclotron
wave resonance (ECWR). During treatment an optical emission spectroscopy was employed to detect and characterize the
emission line of tin spectrum and the electron density and temperature were measured by Langmuir probe. Morphological
study by a scanning electron microscope helped to gain insight to the mechanism of tin removal from the substrate. In
addition, elemental compositions of tin layer before and after treatment was measured by an energy dispersive X-ray
spectroscopy. We believe that this study contributes to finding a proper treatment for tin removal from plasma facing
surfaces of tokamaks using tin in the liquid metal divertor.
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Introduction

Thermonuclear fusion is a promising source of low-emis-
sion carbon dioxide, safe, sustainable and low-waste
nuclear energy. The International Thermonuclear Experi-
mental Reactor (ITER) tokamak is the focus of research
conducted in the field of international magnetic confine-
ment fusion. The high heat flux shield protecting the vac-
uum vessel against plasma as the first wall is the most
critical component of the blanket and must be designed to
remove the surface heat flux from the plasma, reduce the
nuclear effects in the vacuum vessel and protect the
superconducting coils from excessive nuclear heating and
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radiation damage [1]. High radiation losses due to the
presence of impurities are a significant issue in tokamak
and its divertor. The additional heating through neutral
beam injection (NBI) or the ion cyclotron resonant heating
(ICRH) [2] further increases the impurity concentration.
The proper choice of materials for the tokamak’s first wall
is therefore of utmost importance.

Construction and upcoming operation of ITER and later
demonstrative power plant (DEMO) are among the greatest
milestones of the European Fusion Roadmap. Most toka-
maks use graphite for the heat shield [3]. It survives huge
heat fluxes, however, it forms hydrocarbons, thus binding
unacceptably large amounts of radioactive tritium which is
the fuel in thermonuclear reactors. Metals don’t suffer this,
however, even the best metal (tungsten) sputters and so
contaminates the plasma and does not survive thermal
cycling. The use of tungsten as the plasma facing material
(PFM) for the divertor region is planned for ITER [4].
Moreover, particle fluence onto the divertor in a DEMO
reactor will exceed those in ITER considerably, as reported
in [5]. Among various issues like implantation and other
plasma material interactions, an important issue remains
the physical sputtering of tungsten, especially when
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extrinsic impurities are seeded to reduce the power loads
on the PFM which causes cooling of the plasma and thus
deterioration of the fusion performance.

A promising alternative to the conventional solid metal
targets is a liquid metal divertor (LMD) [6, 7] target, in
which the liquid metal, usually Li, Sn or its alloy, is fixed
within a mesh-like structure by capillary forces [8]. Liquid
metals aim to handle especially the transient heat pulses
(ELMs, disruptions) and may also be combined with other
heat flux dissipation techniques. The LMD consists of a
metal liquid wetted into a substrate with a capillary porous
structure (CPS) made of 0.1 mm thin molybdenum wires
[9, 10]. One of the problems of the LMD technology is the
redeposition of the released metal on the tokamak vessel
walls. Simulations of the experiments performed in the
COMPASS upgrade tokamak [11, 12] indicated that the
amount of released metal can range from mg up to several
grams per second depending mainly on the geometry and
lithium or tin [13-16] choice. Thus, the study of the
removal of the redeposited metals is therefore of prime
importance.

The main objective of the article is to study the inter-
action of a flowing dense low temperature plasma with a
surface of thin film of tin. Understanding of the mechanism
of the interaction contributes to finding the best conditions
which enable the removal of tin from the sample surface.
The reason for selecting tin for use in tokamak liquid metal
divertor is its high possibility of recycling and low tritium-
retention [17].

An enhancement of the erosion yield [18, 19] of mate-
rials under plasma bombardment as a function of temper-
ature has been reported by many researchers [20-24]. To
our knowledge there exists no paper that would study the
interaction of a dense low-temperature flowing plasma on a
thin tin film. We hope that by means of this study we shall
contribute to greater understanding of the region of plas-
mas close to tin surface, i.e., of the physical as well as
chemical interactions between plasma and tin surface.

In this article we used hot cathode low-pressure arc
plasma source. The thin tin film was deposited on stainless-
steel substrate using two different methods: magnetron
sputtering [25] and hybrid HiPIMS [26] sputtering assisted
with electron cyclotron wave resonance plasma (ECWR).
To define the experimental conditions of the tin erosion
experiment we deployed optical emission spectroscopy
[27] and Langmuir probe [28] as diagnostic tools. We
performed consistency analysis by comparing the tin
spectral lines as well as evaluation of electron temperature
and electron density at different phase of experiment. The
morphological study of eroded tin after flowing plasma
interaction have been performed by scanning electron
microscope (SEM) with energy dispersive X-ray spec-
troscopy (EDS).

@ Springer

Experimental Details
Preparation of the Samples

Tin thin films were deposited on stainless steel (ASTM
AISI 304) sheet that was cut into 10 x 25 mm rectangular
substrates. Before deposition, the steel substrates were
submerged in acetone and ultrasonically cleaned for
15 min, afterwards they were dried and then submerged
into ethyl alcohol for another 5 min. These substrates were
then dried using cleanroom wipes and mounted onto a
substrate holder that was able to rotate to ensure the
homogeneity of deposition, as shown in Fig. 1. This holder
was placed into vacuum chamber. The samples were then
treated for 10 min using RF (13.56 MHz) power supply
connected on the substrate holder. The ignited discharge
was operated in argon (Q4, = 100 sccm) and forming gas
containing 90 at. % of nitrogen + 10 at. % of hydrogen
(Quz24n2 = 100 sccm) at 16 Pa pressure. The power
delivered into the RF discharge was 100 W and measured
DC voltage self-bias on the holder was — 330 V.

We employed two deposition techniques to prepare thin
film samples. The first one utilized DC magnetron sput-
tering and the other one hybrid HiPIMS assisted with the
electron cyclotron wave resonance (ECWR) discharge. As
for the target, we used a tin target from Plasmaterials Inc.
with 99.99% purity with diameter of 50 mm and thickness
of 6 mm. The magnetron was placed horizontally at 80 mm
distance from the substrate holder facing the center of
target. Consequently, we could distinguish three types of
samples shown in Fig. 1. Samples had gradually increasing
thickness of sputtered tin starting from samples marked
with number 1, 2, etc. due to geometry of our deposition
system. For all our experiments we decided to use samples
from position 2.

For the DC magnetron sputtering the chamber was
pumped down to a base pressure of around 10~ Pa. The
operating pressure was set to 1 Pa with the mass flow rate

1 1
2 2
3 3
2 2
1 1

Fig. 1 Position of samples on rotating holder



Journal of Fusion Energy (2023)42:36

Page 3 of 12 36

of argon set to 26 sccm. The DC power was set to 50 W
with deposition time of 30 min (the cathode voltage was
— 376 V and the discharge current 0.13 A). For brevity we
call these samples as DC samples further in the text.

For the hybrid HiPIMS sputtering the base pressure was
around 10~ Pa with operating pressure of 0.36 Pa and
mass flow rate of argon was set to 26 sccm. The HiPIMS
mode was operated with average current, I,,, = 70 mA.
The cathode voltage pulse repetition frequency was 5 kHz,
pulse on-time 20 ps, energy in one pulse 90 mJ and aver-
age power 45 W. For brevity we call these samples as
HiPIMS samples further in the text.

Plasma Exposure on Thin Tin Film in Hot Cathode
Configuration

The schematics of our hot cathode system and a photo of
the system in operation viewed through the observation
window is shown in Fig. 2. The hot cathode consists of
tungsten wire of diameter 0.25 mm. We see also in Fig. 2
the cylindrical tungsten Langmuir probe (diameter
0.15 mm, length 5 mm) used for the plasma diagnostics.

Figure 3 shows the deposited tin films on the steel
substrate and surface changes in the tin layer due to plasma
ion bombardment. Images clearly show tin removal due to
hot cathode flowing argon plasma interaction, whose
detailed discussion will be done in the latter part of the
paper.

Table 1 shows the research matrix used to study an
effect of dense low-temperature flowing plasma on a thin
tin film in argon (180 sccm) plasma. The tin samples were
prepared as mentioned in Sect. “Preparation of the sam-

Fig. 2 Left panel: Schematics of Argon inlet
our hot cathode system. Top |
right panel: Photo of hot </ *

cathode system operating in
argon plasma. Pressure 1.5 Pa,
discharge current 1 A, argon
mass flow rate 180 sccm.
Bottom right panel: Sketch of
the used Langmuir probe. The
OES is performed along the line
of sight of substrate
holder.Argon is flown from the
top (tube not shown)

Wehnelt cylinder

Substrate

Langmuir

—_ :
——— [

ples”. Table 1 shows the experimental conditions, which
we used for tin removal in argon plasma in a hot cathode
configuration.

The cathode temperature was measured as follows; we
heated the cathode by 19.45 V through which the current
was measured on temperature stable 0.1 Q resistor. This
gives the value of 6.12 A. This voltage was then transferred
to the cathode via wires, which unfortunately have voltage
drop of 0.5-0.7 V. With the knowledge of existing voltage
drop, we measure voltage on the cathode for calculating the
actual resistances. The resistance of the cathode at room
temperature was 0.191 Q. From the ratio of actual resis-
tance to that of room temperature resistance, we can cal-
culate the temperature of the tungsten cathode using
table of resistivity for tungsten as a function of tempera-
ture. Thus after heating the cathode, we apply voltage and
current as shown in Table 1. By connecting the positive
end of power source on the chamber and negative end on
the filament we created plasma. Just under the sample
substrate a thermocouple is inserted to enable in situ
monitoring of the sample temperature.

Plasma diagnostics and material
characterizations

We performed optical emission spectroscopy [27] and
Langmuir probe [28] plasma diagnostic whose complete
experimental details can be found in our previous publi-
cations. The as-prepared tin deposited thin films samples as
well as the plasma-treated samples were characterized by
scanning electron microscopy (TESCAN, MIRA 3 LMH)

Tungsten probe —
@ 150 um [ 1

by
—

Pair of Degussit

]
5mm ~ rhm pipes
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Fig. 3 Surface changes due to
interaction with plasma. Left
panel tin layers before
interaction with argon plasma
A DC prepared samples

B HiPIMS prepared samples.
Right panel, the same samples
after interaction with argon
plasma C DC prepared samples
D HiPIMS prepared samples

Table 1 Research matrix for argon flowing plasma on a tin thin film deposited over steel for tin removal

Time Pressure Current Voltage Cathode temperature  Substrate bias ~ Current through substrate ~ Substrate temperature
(min) (Pa) A) V) X) M (mA) X

0 1.61 1 523 2774 — 60 47 299.06
5 1.66 1 55.7 2777 — 60 54.21 426.45
15 1.59 1 50.7 2782 — 60 49.06 469.45
25 1.64 1 45.6 2785 — 60 42.5 498.65
35 1.45 1 45.6 2785 — 60 39.61 505.15
45 1.45 1 45.8 2792 — 60 40.22 508.35
55 1.50 1 47.6 2793 - 60 41.55 511.25
65 1.48 1 47.6 2798 — 60 41.83 513.55
75 1.47 1 47.6 2796 — 60 40.2 514.05
for the morphology and energy dispersive X-ray spec- Plasma

troscopy (EDS) for elemental composition study.

Results and Discussions

Sputtering and Evaporation Towards PFM
in Flowing Plasma

Plasma wall interactions lead to significant erosion pro-
cesses at plasma facing areas. The most of erosion mech-
anisms are caused directly by excess heat loads, like
evaporation or sublimation. However, the important ero-
sion mechanisms are linked to the particle fluxes to the
wall: physical sputtering [29, 30] and chemical reactions.

Erosion processes release particles from the wall, which
can be excited, dissociated or ionized when entering the
plasma [31]. Thus the resultant erosion flux (particles s~ ')
is then either part of the plasma or lost on the chamber
walls.

However, those values measured from the erosion flux
cannot be explained from physical sputtering and evapo-
ration alone. Due to high redeposition [17, 32], fraction of
signal increase may be due to self-sputtering by tin, which
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Fig. 4 Mechanism of sputtered particle trajectory in plasma

can thus liberate more tin in an ongoing cycle as shown in
Fig. 4.
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Optical Emission Spectroscopy Study for Eroded
Tin in Argon Plasma

When tin coated substrate is exposed to argon plasma in
hot-cathode environment, its surface would be eroded
mainly by evaporation and sputtering process. Most evap-
orated and sputtered tin atoms from the thin layer could
form a vapor cloud above the layer surface with a high re-
deposition rate [21]. The atoms of tin could be ionized
through collision with the electron and other incident par-
ticles forming tin ions in an unstable excited state that relax
to ground state while radiating photons with different
energy. However, some tin atoms are not ionized by the
plasma and condense at the chamber wall and substrate
holder; and the process of sputtering, evaporations and self-
sputtering is repeated.

The whole set of experiment data was collected in time
span of 75 min with gap of 10 min each. The main data
relevant to tin sputtering are the particle identity, the
concentration, and the energy of the sputtering particles.
Further the fraction of the sputtered particles that really
leave the surface, i.e., are not promptly redeposited. The
spectrum intensity of tin could reveal the quantity of ion-
ized tin ions. Tin spectral lines Sn I 365.5 nm,
Sn I380.1 nm, Sn I 452.5 nm, Sn II 805.5 nm, Sn I
811.4 nm were captured through OES spectra as shown in
Fig. 5. These spectral lines were taken from NIST Atomic
Spectra Database Lines Data [33]. In Fig. 5 it can be seen
that the intensity of spectral lines increases with the
increase of surface temperature. For clarity in OES spectra,
in Fig. 5 we show here low and high temperature values.
This depicts that plasma approaches dynamic equilibrium
as temperature increases. The dynamic equilibrium means
there are some tin atoms which are not ionized and get

4000
—8— 426.45 K
—— 514.05 K

3500+

300 - 350 400 450 500 550 600

Wavelength (nm)

(@)

condensed at low temperature part of chamber while in
parallel there are ionization of tin atoms took places
abruptly. The one of prominent reason for the increase in
tin removal is an abnormal enhanced erosion phenomenon
depending on the surface temperature [17, 21]. More detail
discussion on tin erosion will be done later in Sect. “Sur-
face Morphological Study for Thin Tin Film”.

Figure 6 shows the logarithm of spectrum intensity
value vs inverse of temperature for various tin spectral
lines. It depicts that the spectral intensity increases with
increase in temperature. The increase in intensity can be
attributed to the removal of tin from the layer on the
stainless-steel substrate in plasma. To describe the signif-
icantly enhanced erosion by sublimation/evaporation and
sputtering at high temperature, a model based on superficial
adsorbed atoms was proposed and the total erosion rate
could be written as below [21]:

E
R(T) - knonoexp < é) + Fi()ans

+ FionYejj"exp < K;T)

Here k,,n,exp (— %) represents classical evaporation,
k., is constant, n, is the surface density of lattice atoms, Kp
is the Boltzmann constant, T is the tin surface temperature,
Ey is the binding energy of materials. I';,,Y ) is physical

sputtering rate (Y, is the physical sputtering yield and I';,,
is the incident particle flux). I';,, Y ogrexp (— %) represents

the enhanced erosion rate induced by adsorption atomic
evaporation, and E.s is the measured surface binding
energy (sublimation energy), which could be obtained by
Arrhenius plot fitting of the enhanced region. Figure 7
shows the logarithm of spectral intensity vs inverse of

—8—426.45K
—o=—514.05 K

T

600 650 700 750 800 850 900
Wavelength (nm)

(b)

Fig. 5 Optical emission spectra for eroded tin in argon plasma for low and high temperature a for 300-600 nm b for 600-900 nm
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Fig. 6 The logarithm of spectrum intensity plotted against inverse of
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Fig. 7 The logarithm of spectrum intensity plotted against inverse of
kT for the 365.5 nm line. The error range is 1.03 & 0.25 eV and
0.72 £ 0.27 eV

temperature for spectral line 365.5 nm. The E.; value
could be extracted as the slope of the curve [21] in Fig. 7.

As shown in Fig. 7, there are two slopes obviously
corresponding to high temperature stage and low temper-
ature stage in the plasma irradiation process. When the
temperature stays below the evaporation threshold, E.g
value is 0.72 eV, otherwise the E.s value is 1.03 eV. The
values of E.y indicates that we are in low temperature
regime. Consequently, the sputtering is main cause of tin
erosion as mentioned in report [21] for given temperature
range.
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Fig. 8 Variations of the electron density and electron temperature
with the distance from the chamber axis for pressure 1.5 Pa and Ar
flow rate 180 sccm. Sample holder not present. Zero distance
corresponds to the vacuum chamber axis. The error bar is £ 15
percent

Langmuir Probe Study for Eroded Tin in Argon
Plasma

Figure 8 shows plot of the electron temperature and elec-
tron density determined by Langmuir probe. The sample
holder was not inserted; hence we could measure up to the
vacuum chamber axis.

The electron density decreases with increasing distance
from the chamber axis as one would expect. The electron
temperature reaches a rather low value at the chamber axis,
0.93 eV, due to the proximity of the hot cathode. Towards
the chamber wall the electron temperature rises since the
amount of thermo-emitted electrons from the cathode
decreases and the hotter electrons contribute to keeping the
adjusted discharge current.

The variations of the electron density and temperature
with the distance from the chamber axis when substrate
was inserted into the chamber are depicted in Fig. 9. When
the substrate holder was inserted, we could not reach the
axis with the probe. Therefore, the measurements start at
the distance 15 mm from the axis. Figure 9a, b show plot
of electron density and electron temperature respectively.
The parameter in both plots is the time of treatment and
indirectly the sample temperature. It is evident that with
increasing time (sample temperature) the electron density
rises while keeping the decreasing trend towards the
chamber wall. The rise of electron density is accompanied
by the decrease of electron temperature, which is almost
constant with the distance from the axis. We attribute both
the electron density increase and the electron temperature
decrease to the presence of tin in the argon working gas,
the concentration of tin increases with time because of rise
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Fig. 9 Variations of electron density (a) and electron temperature (b) with the distance from the chamber axis in the presence of the sample
holder with a DC sample for pressure 1.5 Pa and Ar flow rate 180 sccm. The error bar is &= 15 percent

in the sample temperature during the treatment. Also, tin
has much lower ionization energy, 7.34 eV compared to
argon with 15.76 eV.

Surface Morphological Study for Thin Tin Film

As we could see in Fig. 3 the interaction with plasma
changes the tin surface of both samples significantly. On
both samples we can distinguish two types of interaction,
the first one can be found on majority of the film surface,
whereas the second one affected only a small portion of it
which is depicted as minority.

The detailed structure of the tin layer surface before
plasma interaction is shown in Fig. 10, left panel. This
layer of tin is approximately 1 pum thick. We see crystals of
tin of approximately several micrometers in size. After
plasma interaction most of the surface is changed as is
shown in the middle panel of Fig. 10. These changes are

MIRA3 TESCANY  SEM HV: 20.0 kv
View field: $0.0 pm Det: SE

SEM MAG: 5.54 kx

WD: 15.01 mm
Det: SE 10 pm.

Performance in nanospace

Fig. 10 SEM images of tin surface of the DC sample, (50 pm view
field). Left panel — before argon plasma interaction, middle panel —
majority of sample surface area after argon plasma interaction, right

WD: 15,00 mm L

10 pm

presumably due to the sample temperature higher than tin
melting point. Higher temperature melted most of the
crystals and created rather homogenous surface. The ripple
effect (wavy structure) which can be seen on the surface is
due to interaction of the tin surface with ions [34]. The
minority surface area after plasma interaction is depicted in
right panel in Fig. 10. An area like that is usually found in
the vicinity of border between steel and tin. As we
observed also in other experiments, such an area is created
in the first few minutes of interaction with plasma after
applying negative bias on the samples. Therefore, we can
say that this interaction is not created due to temperature
but purely by interaction with ions.

The main difference between these two types of inter-
action can be found in energy dispersive X-ray spec-
troscopy (EDS) spectrum in Fig. 11. On majority of the
sample surface, we observe only small change of thickness
of tin layer, which is due to destruction of crystalline

.

2.0k WD: 15.08 mm
: $0.0 pm Det: SE 10 pm

SEM MAG: 5.54 kx

MIRA3 TESCAN| MIRA3 TESCAN|

Performance in nanospace Performance in nanospace

panel — minority of sample surface area close to the tin/steel boundary
after argon plasma interaction (For plasma interactions the pressure is
1.5 Pa and Ar flow rate is180 sccm)
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Fig. 11 Comparison of the EDS spectrum of the DC sample before

6 7
keV

and after 60 min plasma interaction. Insets, SEM images after plasma

interaction, 500 pm view field. Left inset, majority sample area, right inset minority sample area (for explanation see text)

structure. Simultaneously, one observes also increase of
intensity of Fe and Cr peaks, which are present in the
stainless-steel substrate. In the minority of the sample
surface area, we detect a promising change in EDS spec-
trum—the intensity of Sn peak is reduced by 33% is
accompanied by a substantial increase in the intensities of
peaks for substrate materials (Fe, Cr). We can argue that in
this sample surface area the surface thickness has changed
significantly. The measurement of film thickness post
plasma exposure were approximately around 0.5 micron.
As for the sample prepared with hybrid HiPIMS the
magnitude of the change after plasma interaction is more
severe compared to the DC sample. In Fig. 12 we depict
the SEM images of the hybrid HiPIMS sample in a manner
like Fig. 10. Before interaction, left panel in Fig. 12, the tin
film has very regular crystals, but due to the lower depo-
sition rate of hybrid HiPIMS process the tin layer is not as
thick as of DC sample which is around 1.5-2 micron. This
can be observed on EDS spectrum of a hybrid HiPIMS

(0 B i
= " L4 ‘j 3 T | 4

-

SEM HV: 200 KV WD: 16.00 mm
View field: 50.0 pm e View fleld: 50.0 ym Det: SE
SEM MAG: 5.54 kx Performance in nanospace SEM MAG: 5.54 kx

Fig. 12 SEM images of tin film surface of HiPIMS samples (50 pm
view field) Left panel — before argon plasma interaction, middle panel
— majority of sample surface area after argon plasma interaction, right

@ Springer

sample before interaction in Fig. 13. We see that the
intensities of Fe and Cr peaks are approximately of the
same magnitude as in case of a DC sample after interac-
tion. However, majority of the interacted sample surface,
middle image in Fig. 12, has no bigger crystal, which were
destroyed presumably due to high temperature. Conse-
quently, appearance of the ripple effect is not as obvious as
in DC sample. Nevertheless, the change in EDS spectrum
after interaction is more significant than for DC sample.
Tin peak is nearly half the intensity and intensities of Fe
and Cr are almost factor three higher. This indicates that a
comparatively large portion of tin film was removed from
the surface.

The minority of surface after plasma interaction, right
panel in Fig. 13, has a lot of similarities to minority of
surface area after plasma interaction in DC sample. The
main difference being that it is observed approximately in
the middle of the sample surface, whereas for the DC
sample this area was found close to the edges of tin surface.

Y o A e

) gty ~
MIRA3 TESCANJ]  SEM HV: 20.0 kv WD: 15.02 mm | MIRAS TESCAN
10 pm View field: 50.0 ym Det: SE 10 um
Performance in nanospace SEM MAG: 5.54 kx Performance in nanospace

panel — minority of sample surface area after argon plasma interaction
(For plasma interactions the pressure is 1.5 Pa and Ar flow rate is180
sccm
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Fig. 13 Comparison of the EDS spectrum of the HiPIMS sample before and after 60 min plasma interaction. Insets, SEM images after plasma
interaction, 500 pm view field. Left inset, majority sample area, right inset minority sample area (for explanation see text)

Nevertheless, this surface has areas where there is very
small coating of tin and bigger melted tin island that are
degraded due to ion interaction. Unfortunately, the differ-
ence of these two interactions is not that distinguishable on
EDS spectrum of Fig. 13 because of the size of tested area,
in which smaller regions with minority of surface after
plasma interaction are separated by regions of majority of
surface after plasma interaction.

This fact is best demonstrated in Fig. 14 with a bigger
view field 1 mm. We see that areas of minority surface
interactions are interlaced with island of majority surface.

Surface Morphological Study for Thin Tin Film
Without lon Bombardment

In this section we present results of substrate heating
without plasma ion bombardment. We depict in Fig. 15 the
SEM images of DC and HiPIMS samples after heating
above melting point of tin at 242.5 °C for 30 min. We can
clearly see the tin film on both samples.

The EDS spectrum in Fig. 16 compares the presence of
tin in DC sample after plasma interaction and after just
heating. We clearly see a lower amount of tin after plasma

Fig. 14 SEM images for
minority surface interaction of
DC sample (left) and HiPIMS
sample (right) after 60 min
interaction with argon plasma,
view field 1 mm. (for plasma
interactions the pressure is

1.5 Pa and Ar flow rate is180
sccm)

SEM HV: 20.0 kV WD: 15.09 mm
View fieid: 1.00 mm Det: SE
SEM MAG: 277 x

Le vy ]

Performance In nanospace

interaction compared to that after heating. Similar spec-
trum for the HiPIMS sample is shown in Fig. 17. This
proves that in our case most of the tin removal has been
achieved via ion bombardment.

Conclusion

One of the problems of the liquid metal tokamak divertor
technology is the redeposition of the released metal on the
tokamak vessel walls. We have demonstrated the suc-
cessful removal of tin by low-pressure arc argon plasma in
a hot cathode system. We believe that our system could be
in principle used in tokamaks without a steady magnetic
field. The Langmuir probe shows variations of the electron
density and electron temperature with the distance from the
chamber axis without and with substrate holder inside
chamber. In case of absence of substrate holder, the elec-
tron density decreases with increasing distance from the
chamber axis while electron temperature reaches a rather
low value at the chamber axis, 0.93 eV, due to the prox-
imity of the hot cathode. However, when substrate was
inserted into the chamber rise of electron density is

MIRAS TESCAN| SEM HV: 20.0 kV WD: 15.02 mm
View fleld: 1000 pm Det: SE

SEM MAG: 277 x

BT A

Performance In nanospace

MIRAS TESCAN|
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Fig. 15 SEM images of DC
sample (left) and HiPIMS
sample (right) heated above
melting point of tin at 242 °C
for 30 min

SEM HV:13.0kV | WD: 15.04 mm MIRAG TESCAN SE}M HV: 13.0 kV WD: 15.04 mm MIRA3 TESCAN|
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SEM MAG: 554 x | Performance In nanospace SEM MAG: 554 x Performance In nanospace

cps/eV.
1 — Plasma Interaction

4.5 — No plasma interaction

keVv

Fig. 16 EDS images DC sample heated for 242 °C above melting point of tin
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Fig. 17 EDS images HiPIMS sample heated for 242 °C above melting point of tin
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accompanied by the decrease of electron temperature,
which is almost constant with the distance from the axis.
For morphological study of thin tin film SEM being
deployed. The images clearly depict the removal of tin in
case of both DC and hybrid HiPIMS prepared substrate.
Due to the lower deposition rate of hybrid HiPIMS process
the tin layer is not as thick as of DC sample which was
clearly shown in EDS. Also, appearance of the ripple effect
is not prominent in hybrid HiPIMS as in DC sample. The
elemental composition proved presence of tin through
EDS. In EDS the change in spectrum after interaction is
more significant than for DC sample. Tin peak is nearly
half the intensity and intensities of Fe and Cr are almost
factor three higher. Thus, this study confirms compara-
tively large portion of tin film was removed from the
surface.

The plasma diagnostic by optical emission spectroscopy
shows presence of tin lines which are as follows: Sn I
365.5 nm, Sn I 380.1 nm, Sn I 452.5 nm, Sn II 805.5 nm,
Sn I 811.4 nm. The most intensive Sn emission comes
probably from a vapor cloud above the tin layer surface
formed by evaporated, sputtered, and ionized tin atoms
from the thin layer. We believe that this vapor cloud plays
a key role in the high re-deposition rate.

The present study has shown that it is possible to remove
a decent thickness of the tin layer using the ion bombard-
ment from the low-temperature plasma. We are convinced
that a continuation of present study can deepen the
knowledge of plasma interaction with tin surface with
prospective application in tokamaks without a steady
magnetic field.
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