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ABSTRACT: The effect of helium on the tungsten micro-
structure was investigated first by exposure to a radio
frequency driven helium plasma with fluxes of the order of 1
X 10 m™ s7! and second by helium incorporation via
magnetron sputtering. Roughening of the surface and the
creation of pinholes were observed when exposing poly- and
nanocrystalline tungsten samples to low-flux plasma. A coating
process using an excess of helium besides argon in the process
gas mixture leads to a porous thin film and a granular surface
structure whereas gas mixture ratios of up to 50% He/Ar (in
terms of their partial pressures) lead to a dense structure. The
presence of helium in the deposited film was confirmed with
glow-discharge optical emission spectroscopy and thermal
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desorption measurements. Latter revealed that the highest fraction of the embedded helium atoms desorb at approximately 1500
K. Identical plasma treatments at various temperatures showed strongest modifications of the surface at 1500 K, which is
attributed to the massive activation of helium singly bond to a single vacancy inside the film. Thus, an efficient way of preparing

nanostructured tungsten surfaces and porous tungsten films at low fluxes was found.
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B INTRODUCTION

Surface nanostructuring has attracted a great deal of interest in
the last decades, because of its exceptional material properties.
These newly obtained mechanical, optical, and electronic
properties mainly stem from the nanometer-sized micro-
structures (grains, filaments, etc.) and the enhanced number
of interfaces."” The resultant higher surface area to volume
ratio is especially desirable in fields like energy conversion and
storage, catalysis and sensing.’ For instance, nanostructured
materials achieve higher rates of the electrode reaction in
lithium-ion batteries,* and have a higher efficiency in the
photoelectrochemical splitting of water.”® It was already
reported that tungsten surfaces were nanostructured by low-
energy helium ions for solar water splitting applications.”
Especially for catalytic purposes, three-dimensional porosity is
preferable to an array of tubes which has a one-dimensional
character.® Moreover, a high degree of nanostructuring of metal
surfaces (black metals) can also result in ideal light absorption
rendering it highly beneficial in solar-thermal applications such
as thermophotovoltaic systems, where the conversion of
sunlight to heat is used.”'® However, for latter application,
withstanding large heat loads is a prerequisite, which tungsten
can easily meet because of its high melting point.'’
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A very efficient way of tungsten nanostructuring was
discovered in the fusion community as a consequence of its
bombardment with energetic helium atoms (or ions), which
will be a byproduct of the fusion reaction between deuterium
and tritium in the next generation fusion reactors (e.g., ITER
and DEMO). In ITER for example, tungsten is planned to be
used for the divertor plate and dome structures, thanks to the
low sputtering yield, the low tritium retention and the high
melting point.""

The tendril formation on tungsten first reported by
Takamura et al,,'* so-called “fuzz” tungsten, can be detrimental
for the fusion reactors. However, it offers us an elegant solution
for fabricating highly nanostructured and porous surfaces for
the above-mentioned applications. A “fuzz” structure by
modification of tungsten surfaces by what is assumed to be a
consequence of formation and growth of helium bubbles can
exhibit the highest surface area to volume ratio without extra
effort. This renders nanostructuring using this method of great
potential. Formation of “fuzz”-like structures are not limited to
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tungsten as similar structures upon helium bombardment were
also observed on other metals such as molybdenum, nickel,
titanium, stainless steel, and iron.¥*® In general, microstructural
changes on metals induced by high-energy (in the range of
keV) ion bombardment have long been reported using typical
linear implanter.M’15 However, in contrast to exposure to
plasma, this technique is directional and time-consuming. The
challenge to be tackled is yet to achieve an efficient way of
nanostructuring in laboratory setups, in which only milder
conditions are accessible compared to those in linear plasma
devices or fusion reactors.

The experiments performed so far in literature with linear
plasma devices (PISCES,'*™" NAGDIS""*° or Pilot-PSI*!) can
shed light on a recipe for laboratory helium plasma exposure
experiments. First of all, this filament structure was only
observed after bombarding tungsten surfaces at elevated
temperatures (1000 K < T < 2000 K) with He ions.'%*"**
Second, the ion energy was chosen to be lower than the
sputtering threshold in order not to induce any damage via
sputtering. It was also reported that a threshold energy of about
20 eV has to be surmounted in order for nanostructuring to
take place.”” Depending on the flux, this threshold may increase
to around 37 €V." Finally, strong indications of a certain
required flux (in the order of 1 X 10*' m™ s™") for an effective
fuzz formation were reported.'”?* This is the typically limited
parameter in ordinary laboratory setups, which is the main
reason nanostructuring in such systems is a real challenge.

In this work, the effect of helium implantation in polycrystal-
line tungsten and thin tungsten films is investigated and
thereby, a promising bottom-up approach of tungsten nano-
structuring with a common laboratory helium plasma is
presented. The implantation is achieved via low-flux He plasma
treatment (~1 X 10" m™ s7") and/or deposition of tungsten
films in a helium-rich environment. Although, both processes
were efficient methods to load tungsten with helium leading to
porous and highly corrugated morphologies, the strongest
nanostructuring was obtained when the surface temperature of
a helium-loaded tungsten thin film was set to 1500 K during
plasma treatment. This temperature corresponds to He
occupying a single vacancy, at which also the most intense
peak was observed in our thermal desorption measurements.
The results presented in this work offer a reproducible way of
controlling surface corrugation of tungsten at the nanoscale,
which also exhibits many similarities to an early stage of fuzz
growth.

B EXPERIMENTAL SECTION

Polycrystalline tungsten (Pc W) disks from Plansee with a diameter of
30 mm and a thickness of 1 mm were both used as substrates for
coatings and as samples to be exposed to plasma. The disks were
polished using abrasive SiC paper, diamond paste and finally alumina
oxide with a particle size of 0.05 ym resulting a typical roughness R, of
~1.4 nm. Afterward, the substrates were ultrasonically cleaned with
acetone and ethanol before being introduced to high vacuum. Both,
the coatings and the plasma exposures, were performed at the plasma
facilities at the University of Basel.”* A conventional pumping system
was used to reach a background pressure of 5 X 10~ Pa, which was
also supported by liquid nitrogen trapping for selective trapping of
residual gas (oxygen, carbon, etc.). The sample surface could be heated
up to 1000 K with a resistive boron nitride heater attached to the
backside of the sample holder.

The nanocrystalline (Nc) coatings were prepared on aforemen-
tioned Pc W disks by means of pulsed-DC (50 kHz, 496 ns)
magnetron sputtering operated at 150 W (if not stated otherwise)

using either argon, helium or a mixture of both as process gas. The
target was a 3.5 in. wide W disk with a purity of 99.9%. The working
pressure was set to 1.1, 4.1, and 1.87 Pa for Ar, He and the mixture,
respectively. In the case of mixtures, the percentage of He was
calculated from the ratio of the partial pressures of the involved gases.
In the following, only the percentage of He will be stated. The target—
sample distance was ~5 cm in order to increase the deposition rate,
especially when pure He was used. The deposition rate was estimated
using a quartz microbalance (QMB) and the duration of the
deposition was adjusted for a film thickness of 250 nm.

A radio frequency (RF, 13.56 MHz) plasma was discharged in an
asymmetric capacitively coupled configuration placing the sample on
the powered electrode. To cope with the instabilities of this plasma, a
second plasma source (surfatron)** was mounted to the vacuum vessel
and was operated at 150 W. The ion fluxes of plasmas in the chamber,
obtained from Langmuir probe measurements at a distance of around
5 cm away from the sample surface, were ~4.8—5.3 X 10" m™2 57",
The plasma had a typical ion density of ~1.2 X 10" m™* and electron
temperatures of 7—8 eV. The plasma treatment experiments were
performed continuously for 7200 s.

A new custom-built high vacuum system was used for experiments
at temperatures exceeding 1000 K. The substrates were (3 or 6) X 30
X (0.1 or 0.2) mm® W stripes, trough which direct currents were
driven to reach surface temperatures as high as 2500 K. Nanocrystal-
line coatings, in this case, were prepared in the first experimental setup
and were transferred after breaking the vacuum to the new system.
The samples were treated with plasma generated with the external
plasma source (surfatron) while a negative bias was applied on them to
set the acceleration potential of the He" ions. This high-T facility also
allowed us to perform time and temperature controlled thermal
desorption measurements. For this configuration, a Pfeiffer SmartTest
leak tester was connected to the turbomolecular pump of the chamber.
The temperature and the He leak-rate were recorded simultaneously.
The temperature measurement was performed through viewports of
the vacuum vessel using a pyrometer (MAURER IR-AHIS/600—3000
°C) using an emissivity of 0.1. Measurements of the specular
reflectivity using a using a Varian Cary S spectrophotometer in the
wavelength range of 250—2500 nm revealed a decrease of only few
percent after plasma exposure. As explained by Kirchhoffs law,”® the
emissivity is 1 minus the specular reflectivity leading to only a minor
change of the emissivity in our case. Moreover, the temperature was
controlled on witness sample with a spot-welded thermo—element of
the surface.

Plasma parameters such as He" ion flux and the plasma potential
measured at the plasma facility are not expected to vary greatly in the
custom-built high-T facility as similar plasma sources were used.

The surface morphology of the films were examined with a Hitachi
S-4800 scanning electron microscope (SEM), whereas the cross-
sections in panels ¢ and f in Figure 1 were taken with a NanoLab 600
Helios (FEI company) device, which is a combined SEM and focused
ion beam (FIB) facility using 30 keV Ga" ions for cutting. A layer of
500 nm platinum (Pt) was used to protect the sample surface at the
cross-section edge. The samples were further investigated with glow-
discharge optical emission spectroscopy (GDOES) using a GD
Profiler 2 (Horiba Jobin Yvon) with neon (Ne) as plasma gas and
operating conditions leading to an erosion rate of around 6.5 ym/min.
X-rays diffractograms (XRD) were recorded using a SIEMENS DS00
instrument with monochromatic Cu Ka radiation (40 kV and 30 mA)
at a glancing incidence of $°. With this setup, the calculated thickness
of a W film through which only 10% of the incident light intensity will
be transmitted is 606 nm, i.e., the measured signal is mostly coming
from the deposited film.

B RESULTS AND DISCUSSION

Compact Structures Exposed to a Low-Flux Helium
Plasma. Polycrystalline and nanocrystalline W were exposed to
an RF driven helium plasma. RF was applied directly onto the
sample generating a self-bias of —50 V, lending He ions an
average impact energy of roughly 100 eV (plasma potential V,
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Figure 1. Top view SEM images of (a, b) a Pc W substrate and (d, e) a
Nc W coating (RT, 0.58 nm/s) exposed to an RF-driven He plasma
with a self-bias of =50 V for 2 h. (c, f) Cross-sections performed by
FIB. A protective platinum (Pt) layer was deposited locally onto the
surface.

& 50 V). The samples were exposed to plasma for 7200 s,
during which the sample was heated to around 1000 K.

Figure 1 shows the results of the plasma treatment on Pc W
on the left panel, and Nc W on the right panel. The Nc W film
was deposited on a Pc W substrate at room temperature (RT)
using a pure Ar gas process which led to growth of a compact
structure. The outcomes after the plasma treatment were very
similar to each other as pinholes of similar sizes (few nm) were
observed on both samples. Furthermore, the rather flat surfaces
of Nc and Pc W got roughened after the plasma treatment with
He. In case of Pc W, the roughness R,, as measured with atomic
force microscopy, increased from 1.4 nm before the plasma
treatment to 2.9 nm after the treatment. A similar change was
observed for Nc W. With diameters around 7—10 nm, the
pinholes are also slightly bigger on Nc¢ W than on Pc W, on
which an average pinhole size of about 5—6 nm was found. The
obtained features on the surface can be attributed to He bubble
formation beneath the surface due to implantation of He as a
result of the ion bombardment.

In Figure Ic, f, cross-sections of the samples created by FIB
are presented. Presence of bubbles just below the surface can be
observed. The bubbles are located at a depth of 15—20 nm
beneath the surface, which is an indication of bulk diffusion of
He, because the mean implantation depth of He in W for 100
eV ions is only about 1.7 nm according to SRIM calculations.””
Even though many pinholes are also observed on the Pc W
sample, only few bubbles can be seen in the cross-section
(Figure 1f). Additionally, with a size of up to 13 nm, bubbles
observed in the Nc W are much bigger than those observed in
Pc W (7 nm).

Because of the low solubility of He in W, the interstitial
diffusion of He atoms in W lattice is very fast, even at RT.*® If
not trapped inside the material, mobile He atoms will escape
through near external surfaces. Grain boundaries, defects or
impurities, thereby, act as good trapping sites in the
material.'"®*® The potential well formed by such a trap is able
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to bind multiple He atoms, which promotes the nucleation of
He clusters and bubbles. The high pressure built up by the
growing bubble induces a transformation of the trap by moving
adjacent W atoms from their initial lattice site in order to
release the stress. The newly formed mobile interstitial W
atoms migrate to near external surfaces giving rise to the
observed roughening. Origin of the pinholes is believed to
result from bubbles close to the surface rupturing a thin layer of
W above them.*® The increased structuring on Nc W can
probably be attributed to the higher density of traps, such as
grain boundaries, offering a larger storage capacity for He. A
higher fraction of entrapped He is also assumed to have caused
the apparently larger pinholes on the top view images (Figure
la—d) and bubbles in the cross sections (Figure le, f). This is
in accordance with the study of Baldwin et al,'® which
investigates the effect of (high-flux) He plasma (I'y, & S X
102 m™* s7') on various W grades and claims highest rates of
nanostructure formation on samples where trap concentrations,
such as defects or grain boundaries, are high. The fact that fuzz-
like structures were also observed on single-crystalline W,
which should virtually have no defects, suggests a self-driven
trapping mechanism where displacements of W atoms from
their lattice positions are caused by accumulation of He and
growth of He bubbles. It is assumed that defects are necessary
for efficient nanostructuring. They can also be induced by
irradiation or thermal damage.'®*" In summary, even though
the flux of the He plasma used in the current work is a factor of
100 or 1000 smaller than what is generally used to grow the
fuzz structure, surface modifications and pinholes as a result of
He bubble formation can already be observed. The surface
structuring can be assumed to be the early stage in the fuzz
growth process.

Helium Loading during Coating. Another way of loading
W with He is including it directly during the thin film growth
process. In this part, the effect of the He content in the process
gas on the film morphology during the coating process is
investigated. Top view SEM images of the results are presented
in Figure 2a—d along with XRD patterns for the corresponding
coatings. The XRD pattern of a reference polished Pc W
substrate annealed at 1000 K is also given.

Figure 2a shows an image of a W coating prepared without
He, on which different sized grains ranging from few 100 nm to
few pm are visible. For this sample, it should be noted that the
deposition rate was 1.78 nm/s (higher than other coatings) as a
consequence of the higher sputtering yield of Ar on W than
that of He.”” The thickness was ca. 250 nm for all samples
expect the sample in Figure 2d as the use of pure He
diminished the deposition rate greatly. Judging from the XRD
patterns (top panel), one can argue the existence of an epitaxial
relationship between the Pc W substrate and the deposited film
without He, which is not seen when He is added in the process.
It should be stated that the average information depth
measured by XRD, the so-called 1/e is 275 nm with conditions
we used. Visually, a similar structure as in Figure 2a was
observed for 50% He (Figure 2b), even though the XRD
measurements revealed the intensity distribution be more alike
of a polycrystalline film without any preferential orientation.*®
For this coating, a lower power of the magnetron was used (50
W) to obtain a comparable deposition rate (0.68 nm/s) with
the next coating (Figure 2c). The small crystals observable on
the first two coating might be precipitation of crystals of W
compounds formed with impurities such as oxygen or carbon.
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Figure 2. Top-view SEM images of W coatings deposited with (a) 0, (b) 50, (c) 92, and (d) 100% He. All coatings were prepared at a surface
temperature of 1000 K. The deposition rate as well as the magnetron power and the discharge voltage are given in the corresponding image. XRD
patterns are given for the coatings and for a Pc W substrate annealed at 1000 K for 2 h for comparison.

The morphology changes drastically when the helium
content in the process gas mixture is about 92% (Figure 2¢)
compared to 0% or 50% He films resulting in compact
structures. The small amount of argon here is necessary for
igniting and maintaining the plasma for magnetron sputtering.
The coating had a fine granular morphology with the features
having dimensions of few tens of nanometers. Like in the other
works,*** igniting the magnetron with pure He was not
possible. Deposition with pure He could, however, be achieved
when another plasma was generated with an external source
aiding the ignition of the magnetron. Once the magnetron
started running, the external plasma was turned off. Deposition
with pure He results in a surface morphology very similar to
that with 92% He; however, the deposition rate suffered from
the lack of Ar which has a higher sputtering yield on W for a
given ion energy.”” The deposition rate in this case was reduced
from 0.45 nm/s to about 0.014 nm/s. For the two latter
samples, XRD patterns also resemble the intensity distribution
of Pc W without a preferential orientation.

Figure 3 shows cross-sectional SEM images of a W coating
prepared with 92% He on a silicon substrate at 1000 K. The
silicon substrate is usually covered with native oxide of about 3

92% He
at 1000 K

Figure 3. Cross-section SEM image of Nc W film deposited on silicon
using 92% He in the process gas mixture. The surface temperature was
set to 1000 K, whereas the deposition rate was 0.56 nm/s at a
magnetron power of 150 W.

nm thickness. With this image, the effect of having a high
percentage of He in the process gas, like in the top-view SEM
images ¢ and d in in Figure 2, is illustrated more strongly. A
thoroughly porous film when using 92% He is achieved in
contrast to the dense structure of a nanocrystalline W film that
is obtained by using pure Ar at the very elevated temperature.*®
Dense, mostly columnar structures is typical for a metallic
coating using Ar as process gas, which is formed due limited
grain boundary mobility at the base of the film.***” Even
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though one can argue that the energy of W neutrals also affect
the morphology of the film, it is believed that the growth
process of the porous structure obtained is strongly affected by
the high amount of He present in the process gas and therefore
is different from the conventional growth process.

The ability to incorporate helium much more efficiently than
argon into growing films with sputter deposition techniques
such as magnetron sputtering is mainly due to the difference of
energy the atom possesses after being backscattered from the
target. During magnetron sputtering, the target is eroded by
accelerated ions bombarding the surface inducing ejection of
target atoms (sputtering) via a collision cascade. A fraction of
the gas atoms arriving at the target is however neutralized and
backscattered into the vacuum chamber.*® Assuming an ideal
elastic collision of gas atoms with heavy W target atoms, the
energy of the atoms after being reflected from the target surface
is dependent on its initial energy, the masses of the atoms
involved in the collision and the incident angle of the impinging
atom. Considering the kinetic formula of elastic collision in case
for backscattering at 180°,% He still carries more than 90% of
its initial energy after being backscattered at the W target. Since
Ar has an atomic mass nearly ten times greater than that of He,
the energy of the Ar atom after an elastic collision is a factor of
about 2.2 lower, leaving it with only 41% of its initial energy.
Taking in to account that further energy is lost by collisions
with other gas atoms in the plasma region, He has a higher
probability than Ar traversing the mentioned plasma region and
reaching the sample.***>>® The cathode voltage of the
magnetron which determines the energy range of the impinging
gas atom on the target varies with the helium percentage as it
can be seen in Figure 2. In the case when an excess of He is
used, the energy of the backscattered He gas atom is
approximately 300 eV. Taking into account the mean free
path of He at 2 Pa was 12 cm, a distance target substrate of 5
cm and an energy loss in collisions in the glow-discharge
region, the energy of the projectile can be assumed to further
decrease to approximately its half when arriving on the
sample.*® Thus, He is estimated to have an energy of about
150 eV when impinging the sample.

The strong change in film structure observed when He
(92%) is used in the process gas mixture is assigned to the
dynamic incorporation of He into the growing film. Arguing
from film growth mechanisms, He may hinder the coarsening
of formed islands and forces incoming tungsten atoms to
undergo renucleation on the existing film structure.>® Because
interstitial diffusion of He in W is already high at RT,*® clusters
and bubbles will probably form during the coating process
inducing distortions of the film giving it a high degree of
porosity. As a result the total number of grain boundaries
increases massively, providing a larger inventory space for He.
At elevated surface temperatures, desorption of newly adsorbed
He increases whereas the number of lattice defects probably
decreases, which was shown to result in a lower concentration
of He inside a deposited film.>* Moreover, the thermal energy
enables the already incorporated He to diffuse; leading on one
hand to He losses because of desorption, but on the other
hand, promotion of He bubble coalescence able to distort the
W lattice and induce nanostructuring. In other words, the effect
on He uptake of depositing at high temperatures can be 2-fold.
Although it probably leads to a reduced efficiency in He
incorporation into the film,>* it may induce stronger structural
modifications due to not only the diffusion of He clusters but
also to W atoms themselves.

The loading of the W coating with He was confirmed by
GDOES measurements. It has been previously shown that good
results regarding the amount of entrapped He in W could be
achieved with this method.*® Figure 4 shows the outcome for

T T T T T T T

—— |: W/He coating
——II: Pc W substrate

He intensity (a.u.)

Time (s)

Figure 4. GDOES measurement of the He spectral line (587.5 nm) for
(I) a He-loaded coating and (II) a virgin Pc W substrate as reference.
Note that for (I), the He-signal was measured for the entire extent of
the film. Ne was used as the working gas at an erosion rate of 6.5 ym/
min.

(I) the W coating prepared with 92% He (Figure 2c) and (II) a
virgin Pc W substrate as a reference. The plot shows the
measured intensity of He’s spectral line (587.5 nm) with
respect to the time. Considering an erosion rate of about 6.5
pum/min, the duration is directly proportional to the depth of
the specimen. The examined thin film was only few hundreds of
nm thick. Therefore, the He signal of the He-loaded film (I)
dropped to the background level in less than 3s. However, the
results confirm efficient incorporation of He inside the film as
the signal is initially considerably high at first and then drops
rapidly to reference level when the substrate is reached. A
conclusion about the distribution of the He concentration
throughout the film is difficult to draw from the measurement;
however, it was shown that He is uniformly embedded during
deposition of titanium using a He/Ar mixture comparable to
ours, 95% He for ref 34 and 93% He for ref 35.

Effects of Thermal Unloading on the Helium-Loaded
Coatings. The influence of the surface temperature was
investigated by various experiments such as thermal desorption
measurements, an annealing experiment and plasma treatments
at various surface temperatures. The coating using a gas mixture
of 92% He at 1000 K (Figure 2c) was prepared and transferred
to the high-T facility where thermal desorption was carried out,
i.e,, the sample was exposed to air in between. The desorption
profile of helium is important during helium loading, as it is an
equilibrium process of implantation and desorption. Kajita et
al.>® have recently reported the likelihood of a flux threshold for
inducing fuzz nanostructures by He irradiation. Although the
He ion flux determines the number of He implanted, the
temperature and the population of the different He binding
types determines the desorption rate.

Figure S shows the results of the thermal desorption
measurements. The experiment was performed twice using
different temperature sweep rates of ~93 and ~25 K/min. The
He leak rate is displayed as a function of time. The
simultaneously measured temperature is shown on the right
y-axis in red. A measurement of the background is added to the
lower diagram (blue curve), which confirms a flat, negligible
background. Distinct desorption peaks were measured at ca.
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Figure 5. Thermal desorption measurements for a W coating prepared
with 92% He. The He leak rate is plotted versus time. The temperature
was measured simultaneously with a pyrometer (red curve and right y-
axis). The top diagram shows a fast temperature sweep (~93 K/min)
and the bottom one shows a slow one (~25 K/min). The blue curve
shows measurement of the background as a virgin substrate was
heated.

820, 1000, 1420, and 2000 K. The temperatures were taken
from the slower sweep because it is probably more accurate
since the retardation of the detection of desorbed He is lower.
The existence of distinct peaks are consistent with the
suggestion of different binding strengths of He to vacancies
throughout the film. The temperature indicates the activation
energy needed to overcome these binding energies. Depending
on the number of helium atoms at a trap site, the binding
energy of single helium atoms varies greatly. The thermal
desorption study by Baldwin et al." indicates the desorption
peak positions of a He atom depending on how many He are
occupying a vacancy (He,-V) based on findings of Kornelsen et
al*° According to this, the binding energy of He in a singly
occupied vacancy is 4.0 eV corresponding to a temperature of
1560 K. The binding energy to a vacancy weakens as the
number of He in the same vacancy increases from 1 to 10. For
instance, He desorbs from He,—V at 1220 K. However, at
around 10 He atoms, the cluster of He is able to displace
adjacent W atoms and gets effectively immobilized.*® As a
consequence of this, the desorption peaks are shifted to higher
temperatures as the cluster grows. In our measured desorption
profile, the maximum desorption was found to be at about 1420
K and is assigned to the desorption peak for a single He
occupying a vacancy”® even though it differs by 0.36 €V, which
is believed to be in the error range of the temperature
measurement. The peak found at around 1000 K is assigned to
doubly (or even multiply) occupied vacancies, whereas the
broad peak at 2000 K can be related to formation of clusters."?
In the study of Baldwin et al,,'” the He implantation was carried
out by low-flux He plasma exposure ([, = 4.0 X 102 m ™ s7")
and fuzz-like growth on the surface was observed when an
incident ion energy of 57 eV was used. In their case, most of the
He originated from traps where two helium atoms were bound
to a single vacancy (He,—V). In the current case, where He was
entrapped during the deposition process, He from a singly
occupied vacancy was released dominantly. The obtained
thermal desorption measurement also offers a way to roughly
estimate the relative He content in the film. By applying the
ideal gas equation for the integrated profile shown in Figure S,
the total number of He can be obtained, which is 1.16 X 10".

Assuming the deposited W film to have dimensions of 3 mm X
30 mm X 250 nm, this results in a He/W ratio of the film of
roughly 0.087. This value is assumed to be higher when the
coating is performed at RT because lots of He atoms desorb as
a consequence of the elevated temperatures.

Figure 6 shows SEM images of W coatings with 92% He in
the process gas after (a) 2 h annealing and (b—d) 2 h helium

Annealing

t=7200s

82

- 9.0 )

Plasma exposure V. =-50 V, [},,;+ = 5.0x10"® m2s-!
t=7200s

Figure 6. Top view SEM images of the W coating prepared using 92%
He after various experiments. (a) Annealing of the coating results in
the moderate formation of pinholes while the overall surface
morphology is maintained. (b) Plasma exposure applying a DC bias
of —S50 Vat 1000 K results in enhanced development of pinholes. (c)
At 1200 K, a higher density of pinholes is observed as the initial
granular surface remains. (d) At 1500 K, strong structuring of the
surface is achieved exhibiting pinholes together with very large voids.
The transformation can be linked to massive unloading of the film as
suggested in Figure S

plasma exposure. The surface morphology of the coating prior
to the treatments is in Figure 2¢c. The annealing experiment was
conducted in situ, while the plasma treatments at different
temperatures were performed at the high-T facility and,
therefore, were exposed to air for the transfer. For the plasma
exposures, the sample was biased with a DC voltage of —50 V.
The resulting ion energy is therefore the difference between the
positive plasma potential V,, and the DC bias set on the sample,
Viiae The plasma potential was measured with a Langmuir
probe in another facility with an identical plasma source and, is
therefore, believed to be around 45—50 V, which results in an
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ion energy of approximately 100 eV. According to SRIM
calculations and Yamamura et al,>> this is still below the
damage threshold for He on W which lies around 150 eV. After
annealing at 1000 K (Figure 6a), the low magnification image
revealed only little effect on the surface since a granular
structure as in Figure 2c is observed. Although the granular
grains were maintained, the number of pinholes increased. At a
higher magnification though, a lot of holes ranging from little
pinholes to larger voids became visible. This observation is
attributed to desorption of pre-embedded He in the film. The
thermal desorption profile of the coating exhibits desorption
peaks already at around 800 K (see Figure S). It can therefore
be concluded that the elevated temperature activates trapped
He and He clusters in an Arrhenius-type reaction, which then
coalesce with others to form highly pressurized bubbles. At this
point, the process is similar to mechanism of fuzz formation
suggested by Kajita et al.** or described earlier in section. When
the surface temperature was set approximately to 1000 K
during the plasma treatment (Figure 6b), the obtained surface
is comparable to the annealing experiment in Figure 6a as
pinholes can be observed and the topography is not
significantly altered. The holes, which are probably a
consequence of rupture because of bubble formation under-
neath the surface, appear between the roundly shaped grains.
The outcome can be interpreted as an effect of both; He
implantation from the plasma exposure and He desorption of
pre-embedded He. In contrast to this experiment, the effect of
the two processes alone are shown in previous images: The
outcomes in Figure 1 are solely a consequence of He
implantation as no He-filled coating was prepared for this
experiment. The effect of only the He desorption at 1000 K is
depicted in Figure 6a as a He-loaded coating was annealed. It
should be noted that the results shown in Figure 1 were
achieved by applying RF to the sample, whereas a DC voltage
was applied during the plasma exposures in the high-T facility
(Figure 6b—d). Pinholes result from both of the processes
which is attributed to growth of He bubbles beneath the
surface. A similar, but enhanced outcome is obtained when the
sample is heated up to 1200 K (Figure 6b). The density of
pinholes increased, whereas the granular structure can still be
distinguished. However, when the surface temperature was set
to 1500 K (Figure 6c), strong topographic changes could be
observed. The obtained structure consists of larger voids in the
order of 100 nm together with the previously observed
pinholes. Considering the thermal desorption profile in Figure
S, it can be seen that the highest intensity peak is close to 1500
K; hence, the strong surface modification is assumed to be an
effect of massive unloading of He atoms. At this temperature,
activation of most of the He occurs which accelerates and
enhances the nucleation and growth of bubbles. Additionally,
1500 K is probably already in the range of the recrystallization
temperature which starts between 1500 and 1700 K, depending
on the grade and fabrication method.*" At 1000 and 1200 K,
only a small fraction of the entrapped He is activated since only
small desorption signals were measured below 1200 K. This
leads to a modest change of the structure. He implantation by
the plasma exposure which also gives rise to pinholes (as
discussed in section) is in addition to the effect of desorption as
these two processes can be assumed to be in equilibrium. As the
plasma source was operated at 150 W and a —50 V DC bias was
applied on to the sample in order to maintain the conditions of
the plasma exposures, desorption of He dominates at 1500 K,
resulting in a significant change of the surface topography.

B CONCLUSION

In summary, exposure of polycrystalline and nanocrystalline
tungsten samples to a low-flux (~1 X 10" m™ s7') helium
plasma accessible in a common laboratory setup showed
promising signs of surface structuring comparable to an early
stage of fuzz-like growth. Even though, a certain flux is believed
to be surmounted to receive the final tendril structure,
considerable surface roughening and porosity could be induced.
Tungsten coatings in a predominant He atmosphere were
performed in order to investigate He loading during deposition
and its effect of He on thin film microstructure. The use of 92%
He and 8% Ar induced high level of porosity to the deposited
films, which is attributed to He changing the typical film growth
process by hindering coarsening and forcing renucleation. The
incorporation of He during the coating process is clearly
confirmed with a qualitative GDOES measurement. Thermal
desorption measurements on the same type of coating
(prepared at 1000 K) further allowed a study of population
of various traps (He,V). Massive unloading of He was
observed at around 1500 K, which is assigned to single He
bound to a single vacancy. Other prominent peaks were
attributed to He originating from doubly occupied vacancies
(~1000 K) and larger clusters (~2000 K). Plasma exposure at
different temperatures showed an enhanced formation of
pinholes with increasing temperatures resulting in a complete
surface transformation at 1500 K, which can be linked to the
previously mentioned strong desorption of He. From the work
presented here, it can be concluded that the activation of the
preimplanted He and its unloading induces strong morpho-
logical changes. Thus, formation of nanostructures by He
plasma irradiation without the use of high-flux plasma devices
can be obtained by loading the material with He prior to the
exposure. If the amount of He bubbles suffices, nanostructured
materials applicable in a variety of fields can be obtained with
common (low-flux) laboratory plasma sources.
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