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Abstract

A study of the influence of the deposition conditions on the surface morphology and
deuterium (D) concentration in tungsten (W) deposition layers formed by magnetron
sputtering and in the linear plasma generator has been carried out. Thick W layers (> 0.4
um) deposited onto copper substrates demonstrate areas of pilling and, after post-
deposition heating to 1300 K, flaking-off and fracturing. For thin W layers (<80 nm)
deposited onto stainless steel (SS) and W substrates, no areas of flaking-off and fracturing
exist both after deposition and after post-deposition heating to 673 K for the SS substrate
and to 1300 K for the W substrate. The concentration of deuterium in the W layers was
found to decrease with increasing substrate temperature and with increasing tungsten
deposition rate. For layers with relatively high concentration of oxygen (0.20-0.60 O/W), a
decrease of the D concentration with increasing substrate temperature is more pronounced
than that for layers deposited in good vacuum conditions. To describe the evolution of the
D/W ratio with the substrate temperature and the tungsten deposition rate, an empirical
equation proposed by De Temmerman and Doerner [J. Nucl. Mater. 389 (2009) 479] but

with alternative parameters has been used.
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1. Introduction

Tungsten (W) is a candidate material for plasma facing high heat-flux structures in
the divertor area of tokamak fusion reactors [1]. As plasma facing material, W will be
subjected to high-flux low energy particle bombardment including fuel hydrogen isotopes
and helium ash. In this environment, tungsten will be eroded, and eroded particles emitted
from the plasma facing materials will form re-deposited layers in areas not in direct contact
with the plasma. Due to mechanical and thermal stresses inside the layers, they can flake
once they have grown to a certain thickness and produce dusts of different sizes (typically
from 10 pm to few mm) [2]. In order to estimate the tritium inventory in the vessel of
ITER and future fusion reactors, it is necessary to investigate hydrogen isotope retention in
the W re-deposited layers. A large number of publications was devoted to hydrogen
isotope retention in W materials exposed to hydrogen ions with energies below the
displacement and sputtering thresholds (see Ref. [3] and references therein). However,
only limited experimental investigations aimed at understanding hydrogen isotope
retention in W layers deposited on collector probes due to sputtering of W targets with
deuterium ions [4] and hydrogen and deuterium plasmas [5, 6] have been performed. In
experiments with 1.5 keV D ions no co-deposition of reflected deuterium with sputtered
tungsten was observed at room temperature. It was therefore concluded that the
concentration of D atoms in the W deposition layer was below a few percent [4]. On the
other hand, in W layers deposited in a hydrogen RF plasma at a substrate temperature of
about 430 K, the ratio of hydrogen to tungsten atoms was observed to be 0.15 H/W [5]. A
study of the influence of the deposition conditions on the deuterium retention in co-
deposited W layers formed by both magnetron sputtering and in the PISCES-B linear
device [6] showed that the D concentration decreased with increasing deposition rate and
increasing temperature, and increased for increasing energy of the impinging particles.

The purpose of this work was to obtain new data on deuterium concentration in
tungsten deposition layers formed by sputtering W targets in deuterium plasmas over a
wide range of the W deposition rate, focusing on low values of this parameter. The
tungsten concentration in the deposition layers was determined by Rutherford
backscattering spectrometry, whereas the D(*He,p)'He nuclear reaction at different *He

energies was used for quantitative D depth profiling.



2. Experimental

2.1. Deposition using magnetron plasma

Two sets of tungsten deposition layers were prepared by sputtering of a W target by
low-energy deuterium plasmas. The first set of W layers was deposited in a magnetron
system (IPCE, Moscow) with a typical background pressure < 10 Pa by dc sputtering of a
W cathode in D, and mixed Ar+D; atmospheres [7, 8]. During the plasma discharge, the
pressure of D, and Ar+D, gas mixture was fixed at 1 Pa, while the fraction of Ar in the gas
mixture was about 40%. The W cathode surface was bombarded with plasma ions
accelerated in the cathode sheath of the magnetron discharge with a discharge voltage of
400£40 V and discharge current of 0.6 A. For assessment of the ion energy, the spatial
distribution of the plasma potential was measured using Langmuir probes. The
measurements showed that the cathode-drop voltage was about 0.85 of the discharge
voltage. Reasoning that D, ions dominate in the plasma, the mean energy of D and Ar
ions was estimated to be 170 eV/D and 340 eV/Ar, respectively. Tungsten layers were
deposited onto specially prepared Cu/Si substrates' (0.5 um thick Cu layers deposited on
Si plates). Cu was chosen as a material for the intermediate layer because it does not form
an alloy with W and thus avoids any potential mixing at the W-Cu interface. These
substrates were fixed on a substrate holder equipped with a resistance heater. The holder
was located over the cathode at a distance of 6 cm. During the deposition process, the
substrate temperature, T, was monitored by a chromel-alumel thermocouple and was
adjusted in the range from 303 to 653 K. The deposition time was 90 and 15 min for the

pure D plasma and Ar-seeded D plasma, respectively.

2.2. Deposition using linear plasma generator
The second set of W deposition layers was prepared in the linear plasma generator

(LPG) at JAEA kept under good vacuum condition (10 Pa) [9, 10]. A W disc, 50 mm in

' Coefficients of thermal expansion for copper and stainless steel are close in value (about 17
ppm/°C and 11-19 ppm/°C, respectively), while for tungsten this coefficient is equal to 4 ppm/°C.
The intermediate Cu layer was used to examine adhesion stability of W layers deposited onto
stainless steel components in the ITER divertor area.



diameter, was fixed in the target holder with the help of a Mo ring and was exposed to a
*He-seeded D plasma generated in a He+D, gas mixture. The He partial pressure in the

plasma generation section was 2x10™" Pa, whereas the D, partial pressure was fixed at 1 Pa.
In doing so, a plasma beam with species of D} (over 75%) and D" (less than 15%) was

obtained [9]. The concentration of He ions in the He-seeded D plasma was estimated to be
10% from measured sputtering yields of W target [11].

The energies of deuterium and helium ions were determined from the bias voltage of
-200 V applied to the W target and the plasma potential of -4 V measured by a Langmuir

probe, taking into account the predominant ion species of D, . Thus, the energy of D and

He ions was 98 eV/D and 196 eV/He, respectively. The target current was 0.33 A and the
plasma ‘beam’ had a diameter of about 30 mm. The ion flux in the central area of the beam
was 5x10?' D/m’s. During plasma exposure, the temperature of the W target was 360-
400 K.

To study sputtering of tungsten exposed to helium-seeded D plasmas generated in
He+D, gas mixtures with various He percentage, a 0.5 mm thick W foil with a size of
10x10 mm* was used. The weight loss of the target was measured with a micro balance
having an accuracy of +1 ug. The percentage of He in the He+D, gas mixture was
determined by means of a high resolution quadrupole mass-spectrometer (HRQMS) QMA
410 (Balzers Instruments). The sputtering yield, Y, of the W foil exposed to the pure D and
He plasmas was determined to be YD2 = (1.2i0.6)><10"5 W/D," and Yy = 2.740.5x10™

W/He", respectively. The very low erosion yield for D for ion energies below the threshold
of sputtering may be due to a small amount of impurity ions. A practically linear
dependence of the sputtering yields on the percentage of He atoms in the He+D, gas was
found which allows the conclusion that the He ion percentage in the plasmas approximates
the He atom percentage in the gas mixtures [11].

In order to collect sputtered particles, polished Si wafers and re-crystallized W and
stainless steel (SS) SUS 3047 plates were fixed on two stainless steel holders equipped
with inside-mounted ceramic heaters. These holders were placed at a distance of 40 mm

from the sputtered W disc at a scattering angle of about 145° (about 35° to the W disc

? Coefficient of thermal expansion of SUS 304 is 17.2-18.4 ppm/°C.



surface normal). The negative bias voltage of -200 V was applied to the substrate holders,
and the back side of the holders was in contact with the plasma beam periphery; thus, the
holders were passively heated up to about 400 K. The third holder with the Si and W
substrates was placed on the inner wall on the LPG vacuum chamber at a distance of 120
mm from the W cathode. This holder was grounded, and the temperature of the substrates

on this holder did not exceed 323 K.

2.3 Diagnostics of the deposition layers

Deuterium depth profiles in the deposition layers were measured at IPP, Garching by
means of the D(He,o)H nuclear reaction, where both the a particles and protons were
analyzed. The a spectrum was transformed into a D depth profile using the program
SIMRNA [12]. To determine the D concentration at depths greater than 0.5 pum, an
analyzing beam of *He ions with energies varied from 0.69 to 2.0 MeV was used [13]. The
amount of deposited W atoms was determined by Rutherford backscattering spectrometry
(RBS) [14].

The surface morphology of the deposition layers was examined at JAEA by a
scanning electron microscope (SEM) (Real Surface View Microscope, KEYENCE VE-
9800) at a tilt angle of 45°. The impurity content in the layers was determined by RBS at
IPP, Garching, and energy dispersive X-ray spectroscopy (EDX) at JAEA.

Thermal desorption spectroscopy (TDS) was performed ex-situ at JAEA in a separate
vacuum chamber. An infrared heater was used to heat the samples at a ramp rate of 0.5 K/s
and the sample temperature was raised to 1300 K. HD, “He and D, molecules released
during TDS runs were monitored by the HRQMS. To calculate the relative contribution of
the recorded HD and D, masses to the total release of deuterium, the partial currents of the
HRQMS were normalized as described in Ref. [15]. Standard D, and He leaks with an
inaccuracy lower than 10% were employed to calibrate the HRQMS QMA 410 after each
TDS analysis.

The mechanical stability of the W layers deposited in the LPG on the SS and W
substrates at T = 423 and 523 K, respectively, was examined by heating to the proposed
maximum operation temperatures for tungsten and stainless steel components in the ITER

divertor [16, 17]. Therefore, the W layer on the W substrate was heated to 1300 K,



whereas the layer on the SS substrate was heated to 673 K. The heating was performed at a

heating rate of 0.5 K/s.
3. Results

3.1. Composition, morphology and mechanical stability of W deposition layers
3.1.1. Thick W layers deposited with the use of magnetron plasma

In the case of sputtering of a W cathode with magnetron plasmas, the W deposition
rate was determined to be (5.042.0)x10" at. m?s’ for the pure D plasma and
(6.5£2.0)x10" at. m™?s"' for the Ar-seeded D plasma. The low deposition rate for
sputtering with the pure D plasma at D ion energies below the threshold of sputtering may
be explained by the presence of oxygen and carbon ions in the plasma due to poor vacuum
conditions in the magnetron system. Assuming that the W deposition layers have densities
approaching the W theoretical density, the thickness of the layers is estimated to be about
0.4 and 0.9 pum for deposition with the pure D and Ar-seeded D plasmas, respectively.

According to RBS and EDX measurements, the deposition layers contain impurities,
mainly oxygen. The oxygen concentration varies from 0.20 to 0.35 O/W (in units of the
atomic concentration ratio) for the layers deposited with the use of the Ar-seeded D plasma,
and from 0.30 to 0.60 O/W in the case of the pure D plasma. Oxygen is thought to be
introduced into the W layers during the deposition process. The carbon concentration in the
layers is below 0.15 C/W. In the layers deposited with the use of the Ar-seeded D plasma,
the Ar concentration is below the RBS detection limit of 10 Ar/W.

The surface of the W layers deposited with the use of the pure D magnetron plasma
at T < 523 K is generally smooth and characterized by metallic lustre. However, rounded
areas of peeling with sizes of 5-20 um are observed on the surface after deposition at T <
423 K (Fig. 1 a for 353 K). As the substrate temperature rises, the areal density of the
peeling increases. For the layers deposited at T = 613 and 653 K, the peeling of the layer
occupies about 40% of the surface (Fig. 1 b for 653 K). After post-deposition heating to
1300 K, the thick W layers (0.5-1 pm) demonstrate flaking-off and fracturing (Fig. 2).
SEM images show that flakes with sizes of 20-100 pm were formed during the heating.

Since the Cu intermediate layer is observed on the surface after the flaking-off, it is



believed that the cracking and exfoliation can be explained by the different coefficients of
thermal expansion for Cu and W layers.

The W layers deposited with the use of the Ar-seeded D plasma demonstrate the
same dependence of the surface morphology on the substrate temperature as the layers
prepared by sputtering with the pure D plasma. However, these layers were not subjected

to the post-deposition heating.

3.1.2. Thin W layers deposited with the use of LPG plasma

It must be remembered that W layers were deposited in the linear plasma generator
with the use of the helium-seeded D plasma with 10% of He ions. The deposition rate of W
atoms on a substrate placed at a distance of 40 mm from the sputtered W target was
determined to be about (1.6+0.4)x10'® at. m™ s”'. The deposition processes occurred over
82 hrs, and, according to the RBS measurements, the thickness of W layers deposited at a
distance of about 40 mm was (4.5-5.0)x10*' W/m? (or 70-80 nm, assuming a layer density
close to the W theoretical density). For W layers deposited at a distance of 120 mm, the
deposition rate was about 10 times lower than for layers formed at a distance of 40 mm.

Due to sputtering of the Mo ring holding the W disc, the W layers deposited in the
linear plasma generator contain molybdenum with a Mo to W atomic ratio of 0.1.
According to ex-situ EDX analysis, the oxygen concentration in these layers is 0.08-0.11
O/(W+Mo). However, color transformation of the layer surface from metallic luster to
yellowish tint within 10 min after taking out of the substrates from the LPG vacuum
chamber implies that the oxygen concentration in W layers during deposition process
would have been lower. It should be noted that the background vacuum pressure in the
LPG chamber was about 10 Pa.

No blisters and no areas of cracks exist on the layers deposited at temperatures T <
623 K. However, sparse areas of pilling, 1-10 pm in size, are observed on the surface of W
layers deposited on the re-crystallized W substrate at temperatures of 523-623 K; see
Fig. 3 a for the layer deposited at 523 K.

SEM examination of mechanical stability of the W layers deposited on the SS
substrate at T = 423 K and on the W substrate at T = 523 K after post-deposition heating to
673 and 1300 K, respectively, shows that the heating does not change practically the

surface morphology of the layers; compare Figures 3a and 3b. No areas of layer



exfoliation and cracks are observed after the heating. It may be concluded therefore that
adhesion of about 100 nm thick W layers deposited on W and stainless steel is sufficiently

high to prevent formation of W dust during heating of these substrates.

3.2. D retention in W layers

3.2.1. W layers deposited with the use of magnetron plasma

In W layers deposited by magnetron sputtering with pure D and Ar-seeded D plasmas,
the deuterium 1is distributed practically homogeneously throughout the whole thickness.
However, the D concentration decreases by more than two orders of magnitude at the
interface between the W layer and the Cu interlayer. With an increase in substrate
temperature, the deuterium concentration in the W layer varies from 0.1 D/W (in units of
the atomic concentration ratio) at 333 K to about 3x10” D/W at 653 K for deposition by
sputtering with the pure D plasma, and from about 0.07 D/W at 303 K to about 2x10™
D/W at 613 K for deposition with the use of the Ar-seeded D plasma (Fig. 4).

TDS spectra for the W layers deposited at substrate temperatures from 353 to 523 K
by sputtering with the use of the magnetron pure D plasma are shown in Fig. 5. These
spectra are not representing single peaks, but rather peaks with shoulders or double peaks
at 620-670 K and 760-770 K, suggesting the presence of multiple trap energies. According
to Poon et al. [18], these two peaks may correspond to trapping of two and one D atoms
per vacancy, respectively.

For the W layer deposited at T = 353 K, numerous bursting release peaks appear at
temperatures in the range from 600 to 650 K (Fig. 5), while for deposition at T > 423 K
these bursting peaks are not observed. This may imply that in the W layers deposited at
near-room temperature, a small fraction of deuterium is accumulated in gaseous form,

probably in macroscopic voids and cracks.

3.2.2. W layers deposited with the use of LPG plasma

In W layers deposited in the linear plasma generator by sputtering with the helium-
seeded D plasma, the D concentration is about 0.16 D/W for deposition at 323 K and
reduces to about 0.04 D/W at 623 K (Fig. 4). The deuterium TDS spectra are characterized



by desorption peaks positioned at 700-800 K, depending on the deposition temperature
(Fig. 6 a). The second low-intensity peak at 950 K is observed only in the spectrum for the
W layer deposited at 323 K. The desorption peak at 700-800 K may be attributed to
detrapping of D atoms from vacancies [18], while the high temperature peak at 950 K may

correspond to the release of D atoms initially bound on the surface of voids [19]

TDS spectra show that the W layers contain He atoms in addition to deuterium
(Fig. 6 b). The concentration of He atoms is determined to be about 0.4 He/W for
deposition at 323 K and about 0.08 He/W for deposition at 623 K (Fig. 4). It is pertinent to
note that He atoms are present in the W layers deposited on both negative biased and
grounded substrates. It may be concluded, therefore, that the growing layers are
bombarded by energetic deuterium and helium atoms reflected from the W target.
Simultaneous irradiation with He and D ions creates additional traps for D atoms [20, 11],

thus increasing the D concentration in the W layers.

4. Discussion

A following scaling equation was proposed recently by De Temmerman and Doerner
[6] to describe the influence of the conditions during the W and D co-deposition process
(substrate temperature, incident D particle energy and W deposition rate) on the D

concentration in the deposited layers:
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where I is the W deposition rate (in units of 10" at..m™s™), E, is the average energy of

the incoming D particles on the substrate (in eV), and T is the substrate temperature (in K).

E, is determined using the following formula [21]:
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where E; is the energy of the ions impinging on the W target, R is the fraction of

backscattered particles, and R; is the energy reflection coefficient.

For W layers deposited in the linear plasma generator with the use of the He-seeded
D plasma, the temperature dependence of the D concentration is actually approximated by
the curve proportional to exp(779/T) (Fig. 4). However, for W layers deposited with the
use of the magnetron pure D and Ar-seeded D plasmas, it is found that D/W is proportional
to exp(270+30/T"°) (Fig. 4). It may be suggested that co-deposition of oxygen into these
layers (up to 0.60 O/W) changes deuterium de-trapping characteristics. In the W layers
produced in the present study with the relatively high oxygen content, a decrease of the D
concentration with increasing substrate temperature is more pronounced than that for W
layers of De Temmerman and Doerner [6] where the oxygen concentration was
significantly lower (O and C impurities were lower than 5 at.%).

A decrease of the D concentration in W layers with increasing W deposition rate,
originally observed by De Temmerman and Doerner [6], was also observed in our
experiments for the W layers deposited by sputtering with the magnetron pure D and Ar-
seeded D plasmas and LPG helium-seeded D plasma (Fig. 7). In our experiments,

however, in the temperatures range from 313 to 533 K and at deposition rates above

0.5x10" at.m™s"', D/W was found to be proportional to I, *® rather than to I, **' as seen

in [6] (Fig. 7). At lower deposition rates (< 0.5x10" at..m™?-s™), the dependence of the D
concentration on the W deposition rate demonstrates a transition to a plateau resulting from

saturation of the W layers with D atoms.
5. Summary

Surface morphology of tungsten layers deposited by deuterium plasma sputtering
depends on the layer formation conditions. Tungsten layers above 0.4 pm in thickness
deposited onto copper substrates demonstrate areas of pilling and, after heating up to
1300 K, flaking-off and fracturing. The cracking and exfoliation can be explained by the
different coefficients of thermal expansion for Cu and W layers.

For thin W layers (<80 nm) deposited onto stainless steel and tungsten substrates, no

areas of flaking-off and fracturing exist both after deposition at substrate temperatures <

10



623 K and after post-deposition heating to 673 K for the stainless steel substrate and to
1300 K for the tungsten substrate.

The concentration of deuterium in the tungsten layers was found to decrease with
substrate temperature and tungsten deposition rate. For W layers with relatively high
concentration of oxygen (0.20-0.60 O/W), which were deposited in poor vacuum
conditions, a decrease of the D concentration with increasing substrate temperature is more
pronounced than that for W layers deposited in good vacuum conditions. An empirical
equation proposed in [6] but with alternative activation parameters has been used here to
describe the evolution of the D/W ratio with the substrate temperature for the oxygen-
containing W layers deposited in a magnetron system. However, the substrate-temperature
dependence of the D concentration for the W layers deposited in good vacuum conditions
in the linear plasma generator is similar to what was previously observed by
De Temmerman and Doerner [6]. It has also been found that at temperatures in the range

from 313 to 533 K and deposition rates rq above 0.5x10" at.-.m™-s™, D/W is proportional to

r, % rather than to I, **' as reported in [6].
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Figure capture

Figure 1. SEM images of W layers deposited onto Cu/Si substrates at temperatures of
353 K (a) and 653 K (b) with the use of magnetron pure D plasma. The magnification of

all images is the same.

Figure 2. SEM images of W layers deposited onto Cu/Si substrates at temperatures of
353 K (a) and 653 K (b) with the use of magnetron pure D plasma after post-deposition

heating up to 1300 K. The magnification of all images is the same.

Figure 3. SEM images of W layers deposited onto re-crystallized W at temperature of
523 K by sputtering with LPG helium-seeded D plasma before (a) and after post-

deposition heating up to 1300 K (b). The magnification of all images is the same.

Figure 4. Deuterium and helium concentration in W layers deposited by sputtering with
magnetron (MAG) pure D and Ar-seeded D plasmas and LPG helium-seeded D plasma, as
a function of substrate temperature. The deuterium concentration was measured by nuclear
reaction analysis, whereas the He concentration was determined by comparing integrals of
deuterium and helium TDS release rates over time. For comparison, the temperature
dependence of the D concentrations in W layers deposited with the use of magnetron Ar-
seeded D plasmas (data by De Temmerman and Doerner [6]) is also shown. The solid lines
represent exponential dependences of the D concentration on the substrate temperature, as

indicated in the Figure.
Figure 5. Deuterium TDS spectra for the W layers deposited at 353, 423 and 523 K by

sputtering with magnetron pure D plasma. The TDS heating rate was 0.5 K/s. Note that the

deuterium release rate is normalized to one W atom.
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Figure 6. Deuterium (a) and helium (b) TDS spectra for W layers deposited at substrate
temperatures of 323, 423 and 523 K by sputtering with LPG helium-seeded D plasma. The
TDS heating rate was 0.5 K/s. Note that the deuterium and helium release rates are

normalized to one W atom.

Figure 7. Deuterium concentration in W layers deposited at various substrate temperatures
with the use of magnetron (MAG) pure D and Ar-seeded D plasmas and LPG helium-

seeded D plasma, as a function of the W deposition rate. For comparison, data by De

Temmerman and Doerner [6] are also shown. The solid line is proportional to I, 08 where

Iy 1s the W deposition rate (in units of 10" at.m?s™).
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