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Abstract

Magnetron sputtering of two materials (Aluminum and Silicon) was performed in He gas and
led to the formation of very different porous thin films: a fiberform nanostructure or a gas/solid
nanocomposite. The composition of the thin films obtained was analyzed by means of ion beam
techniques: Rutherford backscattering and proton elastic backscattering spectroscopies to
measure the amount of Al(Si) deposited atoms and that of He atoms inserted inside the films.
Microstructural and crystalline properties were analyzed by scanning electron microscopy and
X-ray diffraction. Transmission electron microscopy coupled with electron energy loss
spectroscopy were used to investigate the presence of empty or He filled pores or even bubbles.
Correlating the AI(Si) film properties with the deposition conditions evaluated by SRIM
(sputtering process at the target) and by a homemade collision code (Species transport to the
substrate) gave a better insight into the reason for the formation of such different films. The
role of both He ions backscattered at the target and surface mobility during the growth is
discussed. Comparison with low Kinetic energy He+ implantation experiments indicates that
similar mechanisms, such as He insertion, diffusion inside the lattice, release or accumulation

into pores and bubbles, are certainly taking place
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1. Introduction

The design of porous and nanostructured materials has been of great interest to the materials
science community over the last decades, since nanostructures modify the material’s properties,
increase the exchange surface and bring significant improvements in different applications. The
fabrication of nanostructured thin films has enhanced the performance of numerous
technological devices dedicated to energy generation and storage, optics, microelectronics,
catalysis etc. [1-3].

Magnetron sputter deposition is a versatile technique that enables 100 nm to a few pm thick
films of a large range of elements and compounds to be manufactured. Widely used in industry,
this technique also has the advantage of controlling the film microstructure and porosity by
playing with different parameters (pressure, target-to-substrate distance etc.) or by working in
different regimes (DC, pulsed DC, HiPIMS...) [4,5]. One way to obtain porous films is to work
in a geometric configuration ensuring a very small angle between the incoming atom flux
direction and the substrate surface. This so-called glancing angle deposition (GLAD) technique
enables the growth of nanostructured films in the form of inclined columns, zigzag columns,
nano-spirals, nanotubes and branched nano columns, depending on the experimental conditions
such as the substrate temperature, the gas pressure, the substrate tilting and the rotation speed
[1-3,6].

Another approach to modify the film microstructure, as compared to what is obtained in
conventional deposition conditions, is to replace argon by another sputtering gas. The effect of
the sputtering gas on the sputtering mechanism and on the microstructure of thin films has been
studied in the recent years [7-9]. Helium may be a good candidate because its behavior in many
materials has been studied for 20 years in the frame of fusion reaction [10,11]. From research

on implantation in various materials, it is well known that He, having low affinity with most



elements, tends to diffuse, aggregate and form defects called He-vacancy complexes that can
grow in size until bubbles are formed [12]. In specific experimental conditions, when these
mechanisms take place just below the surface, this can lead to the release of He, bubble
emptying, flaking, and to the formation of a fuzz structure. Such porous nanostructures were
observed on various metals such as tungsten [13-15], molybdenum, nickel, titanium, iron,
aluminum [16-19], precious metals [20] and metallic alloys [21].

In order to take advantage of this specific behaviour of helium, magnetron sputtering has been
studied in Ar/He gas mixtures or in pure He atmosphere [22-25]. Depending on the material
and process parameters, it has been shown that performing magnetron sputtering in He results
in the formation of open/closed porosity, namely nano-sized empty or He filled bubbles [23,26]
and/or nanostructured porous thin films [27]. Lacroix et al. obtained cobalt coatings by
magnetron sputtering using He gas, where large amounts of He were trapped inside the closed
spherical and faceted nano-pores [23]. For several years, the same group has widely studied the
deposition of thin silicon films by RF magnetron sputtering in pure helium [22,26,28]. Nano-
pores filled with He oriented towards the growth direction have been evidenced. They showed
that these He/Si layers exhibit interesting properties and may serve as solid He targets for
nuclear reactions [26], or be used in the design of Bragg reflectors [28]. In another study,
lyyakkunnel et al. reported the formation of tungsten porous films, during RF magnetron
sputtering using 92 % He in an Ar/He atmosphere, and pure He plasma [25]. Helium was
detected inside the film by glow discharge optical emission spectroscopy and the stability of
the He trapping was investigated using thermal desorption. The nanostructures obtained were
attributed to the impact of helium on the film growth process, hindering coarsening and forcing
renucleation. Recently we investigated the deposition of Al thin films in various Ar/He mixtures
in order to gain better insight into the modification of the sputtering process at the target and

the deposition conditions at the substrate when He is present in the gas phase [27]. We



evidenced that when the sputtering plasma starts to be dominated by He ions, both sputtering
and deposition processes are greatly affected.

Even if some trends have been identified, not all the complex mechanisms taking place at the
substrate during the film growth in He are yet fully understood. In order to contribute to the
understanding of these mechanisms we decided to investigate the growth of Al and Si in pure
He and similar deposition conditions. The microstructural properties of the films have been
investigated by scanning electron microscopy (SEM), transmission electron microscopy (TEM)
and X-ray diffraction (XRD) techniques. Both Rutherford backscattering spectrometry (RBS)
and proton elastic backscattering spectrometry (PEBS) were conducted to determine the
number of AI(Si) and He atoms in the films, respectively. Moreover, insights that Doppler
broadening positron annihilation spectroscopy (DB-PAS) analysis could bring to the
characterization of helium-related defects in aluminum and silicon films were explored. When
DB-PAS is coupled to a slow positron beam it is possible to probe a thin layer at the first micron
under the surface of He implanted materials [29,30]. It has been successfully used to
characterize Ti films deposited in various Ar/He mixtures [31]. In addition, PAS can be a
suitable probe to identify open porosity, manifested by positronium (Ps; an electron-positron
atom-like bound state) escape in vacuum. To study the sputtering process of Al and Si targets
by He ions and to predict energy distribution functions (EDF) of sputtered AIl(Si) and
backscattered He atoms leaving the target and arriving at the substrate, SRIM software [32] and

a homemade code were employed [33].



2. Experiments and models

2.1. Deposition Experiments

Al and Si nanostructured films were grown by direct current (DC) magnetron sputtering using
pure helium as a deposition gas. The films were deposited onto (100) oriented N-type Si wafers
by sputtering a 4-inch Al target and a 2-inch Si target (99.999% purity from Neyco) in different
plasma reactors and similar deposition conditions. A complete description of the setups for Al
and Si deposition can be found in references [27] and [26], respectively. Basically, the Al film
was deposited in DC mode during 1 hour at a constant current of 1.2 A and a pure He pressure
of 4.2 Pa [27]. The input power was about 350 W (surface power density of 4.3 W/cm?) for a
cathode voltage of 290 V. The substrates were maintained on a rotating substrate holder, and
the distance between the substrate and the target was fixed to 12 cm [27]. The deposition of Si
film was performed during 4 hours at a constant power of 100 W in DC mode (surface power
density of 5 W/cm?), a current of 0.25 A (370 V cathode voltage) and a pure He pressure of 4.8

Pa. In this case, the distance between the substrate and the target was 10 cm.

2.2. Characterization methods of thin film morphological and structural properties

SEM, TEM and high-resolution transmission electron microscopy (HRTEM) analyses were
performed using two FEG-SEM (a Carl Zeiss supra-40 FEG-SEM and a HITACHI S-4800
FEG-SEM operated at 1-2 kV); a Jeol 2100Plus TEM operated at 200 kV and an ARM CFEG
JEOL TEM working at 200 kV and equipped with 2 Cs aberration correctors. For cross section
observations a conventional preparation protocol was used. First, the sample is cut into thin
slices with thickness of the order of 1 mm. A sandwich structure is prepared by bonding two
slices, prepared with the deposited layers facing each other. The structure is then cut into slices
mounted on a tripod and the specimen is mechanically polishing. At the end, this specimen is

glued to a 3 mm diameter copper support and a broad argon ion beam system is used to polish



the specimen so that the thinnest portions of the wedge are at the center for HRTEM imaging
and analytical techniques. Electron energy loss spectrometry (EELS) was performed on the Carl
Zeiss HRTEM. Gatan imaging filter (GIF) Quantum ER 965 equipped with dual a EELS option
was used to acquire the zero loss peak (ZLP) and low loss spectrum area with different
acquisition times, in order to increase the signal-to-noise ratio. The spectrum resolution was
measured as the full width at half maximum of the ZLP to be 0.46 eV. The used HRTEM and
GIF parameters used such as the convergence angle and the collection angle were respectively
22.5 mrad 0.025 eV/Ch. The crystal structure of both films was characterized using a Bruker
D8 Discover X-ray diffractometer in the grazing incidence geometry (GIXRD) (Cu Ka

radiation 1.5418 A, 40 kV, 40 mA). The angle of incidence was set at 1°.

2.3. lon beam and positron annihilation analyses

The ion beam analysis experiments were carried out at the Pelletron accelerator of CEMHTI
laboratory (Orleans), a facility that is part of the EMIR&A French network of accelerators

(http://emir.in2p3.fr).

The number of deposited Al(Si) atoms was determined by RBS using 2 MeV alpha particles
with a 166° scattering angle and a 90 mm distance. The amount of He in the films was
investigated by PEBS using 2.4 MeV protons and a 62 mm? passivated implanted planar silicon
(PIPS) annular detector located at 178° scattering angle and 104 mm distance. The experimental
spectra were simulated using the SIMNRA software [34] with the *He(p,p)*He differential
cross-sections measured by Langley [35]. The proportion of He incorporated inside the films

was determined as the ratio of the areal atomic density of He atoms to that of Al(Si) atoms.

For DB-PAS implemented at the CEMHT]I laboratory [36], a monoenergetic positron beam
produced by a sodium Na-22 source was directed onto the sample and accelerated with

adjustable energy ranging from 0.5 to 25 keV. For this energy range, the slow positrons probe
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a thickness of roughly 32 pum in Al and Si films [37]. The positron-electron pair momentum
distribution is measured at 300 K by recording the Doppler broadening of the 511 keV
annihilation line with a Ge detector. Two shape parameters were extracted from the spectrum.
The low momentum parameter S is the fraction of annihilations taking place with valence
electrons. The high-momentum parameter W in the windows at the wings corresponds to the
fraction of annihilations taking place with core electrons. It is important to note that each
annihilation state (i.e. defect, bulk, surface...) is characterized with specific S and W values and
when a material contains vacancy defects S increases and W decreases. The positronium
fraction (Ps) can also be used as proof of the presence of defects in the sample. In the case of
dense metals, Ps is formed with backscattered or reemitted positrons from the surface with a
free electron. It is furthered when positrons are not efficiently trapped inside the sample and are
thus able to diffuse back to the surface. Ps is also promoted when the accessible surface is wide,
for instance in the presence of large empty pores or open porosity [38]. The positronium fraction

measured in our sample was estimated using the method given by Schultz and Lynn [39].

2.4. Deposition conditions

Stopping and range of ions in matter (SRIM) software [32] was employed to investigate the
interaction of the He ions accelerated in the cathode sheath with the Al(Si) target. It was possible
to determine the sputtering yield, the backscattering yield of He ions and the energy distribution
functions of particles emitted at the target under bombardment with 370 and 290 eV He ions in
the case of Si and Al targets, respectively. These energy values correspond to ions that have not
encountered collisions through the accelerating sheath between the plasma and the biased
target. Since the working pressure is quite high (5Pa) several collisions may take place. Thus,
one has to keep in mind that maximum values will be obtained by the estimations. Nevertheless,

orders of magnitude will be valid as well as the comparison between Al and Si case.



Starting from these data, a simple collisional model of particle slowing down along straight-
line trajectories and subjected to a continuous energy loss process by elastic collisions with the
gas atoms was implemented [33]. The mean kinetic energy of sputtered atoms and backscattered
He is calculated according to a modification of the Thompson formula, as the particles are
travelling through a gaseous medium [40]. To calculate the energy loss (Ef) of sputtered
atoms/backscattered He by collision with the gas atoms, a Maxwell-Boltzmann (MB)
distribution at Ty is fixed for the gas (in our conditions Tg = 300 K, Eg = ksTg). Because we
search for the complete energy distribution of sputtered atoms or backscattered He, for each Eg4
in the MB gas distribution, the energy loss is calculated for a fixed value of the kinetic energy
E of a sputtered atom/backscattered He. This is repeated for each E in the Thompson
distribution and weighted by the collision probability, which is simply the convolution of f(E)
and the MB distribution at Tg [40]. More details can be found in reference 33. These
calculations made it possible to determine the energy distribution functions (EDFs) (and thus
the mean Kinetic energy) of the particles at the substrate location after propagation in pure
helium gas for a pressure and a target-substrate distance values identical to the experimental

conditions.

3. Results

3.1. Al and Si thin film characteristics

Figure 1 shows the GIXRD patterns of Al film. It presents the face-centered-cubic (fcc) crystal
structure, where the peaks corresponding to (111), (200), (220), (311), and (222)
crystallographic planes are identified. The intensity of the peaks is similar to those given in the
ICCD file (PDF card -00-004-0787) indicating that the Al film is polycrystalline and randomly

oriented. Moreover, the peak positions are not shifted indicating that no residual stress is present



in the film. On the contrary, no peaks were detected on the diffractogram of the Si sputtered

thin film (not given) which highlights the presence of an amorphous structure.

Figure 2 presents the cross-section and top-view SEM images of the Al and Si films.
Completely different morphologies are shown. Above a 150 nm dense zone, the Al film is
highly porous, formed of fiberform nanostructures on which nanoparticles are visible. On the
contrary, the Si film appears quite dense, but some pores of about 50 nm are observed at the

surface and on the magnified image of the cross section (figure 2b).

In order to investigate the insertion of He inside the films, PEBS spectra are presented in figure
3. Qualitatively it is seen that the amount of captured He is much higher in Si. From the number
of He atoms (at/cm?) obtained by PEBD and the Al(Si) ones obtained by RBS, the atomic
percent of He inserted inside the film can be calculated. We found 5% for Al and 45% for Si,
respectively. This very high value obtained for Si is in accordance with previous and recent

studies on Si films elaborated by magnetron sputtering [22, 41-42].

To gain further insight into the film structure and the insertion of He, HRTEM analyses were
performed. For the Al film, images 4a and 4b are in good agreement with SEM results: the film
is composed of a first dense layer topped with a porous part made of fiberform nanostructures
over about 1 um depth. On the underfocused and overfocused images 4c and 4d, the complexity
of the structure is visible and pores of various sizes are evidenced (red arrow). EELS was carried
out to try to detect He at this small scale, and determine whether pores are empty or filled with
He. A He peak corresponding to its ionization energy is expected at about 22 eV, it is presented
in figure 4. The other peak visible on the EELS spectra is well known [43]. It corresponds to
electrons that have induced the excitation of two Al plasmons (peak located at 15 eV, not shown
on the figure). It appears at an energy twice of that of the plasmon, i.e. 30 eV. EELS analysis

shows that most of the bubbles in the dense part contain He, some of them being faceted. All
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the observations made on this sample indicate that the porous part of the layer contains fewer

pores, which are not always filled with He.

Cross section TEM images of the Si film are presented in figure 5 at three magnifications. On
figure 5a a first more dense layer (about 150 nm thick) is visible at the interface with the
substrate, as on the Al film. It has a different contrast than the columnar dense structure
observed above. At high magnification, it can be seen that these columns are formed of
elongated pores (or bubbles) with the smallest dimension mainly below 10 nm. Nevertheless,
several of them reach 20 nm. These patterns are oriented in the film growth direction. In their
recent work on magnetron sputtered Si films, Fernandez et al evidenced the same kinds of
microstructures, when either an RF or a DC supply was used [44]. By EELS analysis they also
demonstrated that, in the case of films deposited by RF magnetron sputtering, these pores are
He bubbles in which the corresponding He pressure may reach values as high as 1 GPa [41].
These results also correlate with the high amount of trapped He detected by PEBS in the Si

films (see Fig. 3).

PAS was conducted on both films in an attempt to detect defects, pores or He bubbles. One has
to keep in mind that this technique is well suited to detect, and in some favorable conditions to
quantify, vacancy defects of different natures. Several studies have reported the signature of
He-filled pores, in tungsten [29,45,46] and silicon based materials [37,47]. On figure 6 are
plotted both the S parameter and the positronium fraction as a function of the positron energy
for Al and Si films and a reference of each material: silicon substrate for Si and Al film
deposited in Ar (4 um thick, dense columnar structure) for Al. In all samples, the W parameters
(not shown here) as a function of the positron energy behave inversely to the S parameter. It is
important to note that the depth analysis in DB-PAS depends on the density of the materials. In
dense silicon and aluminum, the mean implantation depth is about 10 nm at 1 keV in both

materials, and 1.25 pm and 1.05 pm at 15 keV and 3 um and 2.5 um at 25 keV, respectively.

11



First, in the two reference samples, the S parameter evolves rapidly from the surface value to
reach a plateau at 4 keV indicating that above 100 nm positrons probe homogeneous layers.
The positronium fractions show the same trend for both references and decrease rapidly to reach
negligible values above 4 keV. At 0.5 keV, the estimated Ps fraction is 5.7% in the reference
Al sample. This could be related to a high level of vacancy defects with large open volumes
present in the sample since the Al film deposited in Ar exhibits a columnar structure with a non-

negligible porosity.

Concerning the Al film obtained in pure He, the evolutions of both the S parameter and Ps
evidence a domain between 1 keV and 12 keV where values are different from those of the Al
reference. The high S values obtained in this part of the sample (below 800 nm) highlight the
presence of a higher concentration of vacancy defects or larger defects than in the reference
layer. Furthermore, the high positronium fraction confirms the presence of large empty pores
in the film that exhibit an extended surface where numerous Ps can be formed. These
observations are in accordance with SEM, TEM and PEBS results, i.e. formation of an Al film
containing vacancy defects whose nature (He-filled or empty) and size evolve along the

thickness, exhibiting high open porosity.

The S parameter evolves differently in the Si film compared to the Al film. Very high values
are measured close to the surface and a linear decrease is observed over several microns down
to the substrate value. An inhomogeneous defect concentration is detected by positrons over
this layer, which suggests the presence of large defects, or a concentration of pore near the
surface. On the other hand, the Ps fraction remains low in this sample, indicating that almost
no empty, nor open pores, are detected by positrons. The reason could be that the presence of
He in vacancies or pores can prevent the formation of positronium [38] or the trapping of
positrons, and thus impede their detection. This is in accordance with PEBS and EELS results,

which show that 45% of He is still present in this layer. Thus the observed S parameter and Ps
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fraction behaviour can be explained by the presence of He filled defects but indicates that a

non-negligible proportion of the pores detected by TEM are empty.

3.2. Sputtering process and gas phase features

Replacing the Ar gas conventionally used in magnetron sputter deposition by He has two main
consequences at the target related to the low mass of helium. First, the sputtering rate is
decreased as shown in table | and as reported in the literature. Second, the probability for the
bombarding ions to be backscattered towards the substrate rises. During this process, the
positive ions are neutralized at the target and become fast neutrals that assist the film growth

[27].

Table 1 shows that the SRIM sputtering yield of Al by He ions is almost twice as high as that
of Si, in the present experimental conditions (the energy gained through the plasma potential is
neglected and only the cathode voltages of 290 and 370 V are taken into account). This is the
reason why the deposition times have to be adapted to deposit films of equivalent thicknesses.
Besides, SRIM calculations reveal that almost 20% of He ions are backscattered in both cases.
From these yield values and taking into account the angular distributions of Al(Si) versus He
(given by SRIM), we roughly evaluated that the number of fast He atom impinging the substrate
when one AI(Si) atom condenses at the surface (fast He atom / Al(Si) atom ratio) is of 1/7 for

Al, whereas it reaches 1/3 in the case of Si.

Figure 7 presents the EDF of sputtered Al(Si) atoms and fast He neutrals at the target and the
substrate positions. Table 2 shows the values of the mean kinetic energy for each species
calculated from the EDFs. Thanks to the similar deposition conditions used for Al and Si films,

the product P*d, which is known to be an important parameter to qualify the growth conditions
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[48-50], is equivalent (50 Pa.cm and 48 Pa.cm respectively). Moreover, Al and Si have similar

masses, thus the energies transferred during one collision with He atoms are similar.

It is seen on figure 7a that ejected Al and Si atoms exhibit quite similar EDF, reaching values
as high as 80 eV. A closer look at the low energy part indicates that the EDF maximum is lower
for Al than for Si, in accordance with the binding energy (Es) of each element: 3.39 eV for Al
and 4.63 eV for Si, respectively. EDFs of sputtered atoms have been widely studied and are
well described by the collision cascade models used in the SRIM code. The maximum of the
distribution depends only on Ep, and thus, on the nature of the sputtered element [51]. However,
the evolution of the energy distribution at higher energies is related to the mass difference
between the ion and the sputtered element, and to the ion kinetic energy [52]. Since the two
parameters are very close in our experiments for Al and Si, this part of the EDFs at the target
position is similar. Globally the mean Kkinetic energies of sputtered Al atoms and Si atoms at
the target given in table 2 (Eai = 24 eV and Esi = 20 eV) are not significantly different. Figure
7 (c) shows the EDF of fast He neutrals at the target as calculated by SRIM. In both cases, a
broad EDF is obtained showing that He atoms with kinetic energies of several hundreds of eV
leave the target. The maximum predicted value is higher in the case of Si, since the accelerating

cathode voltage was higher in the Si (370 eV) than in the Al (290 eV) experiments.

To investigate the film growth, it is necessary to know the EDFs at the substrate. They were
evaluated using simple calculations of energy loss by collisions with the gas atoms [33]. As
mentioned above, the P*d product and element mass are similar in both experiments, which
could ensure similar conditions of transport in the gas phase. However on Figure 7 (b) it is seen
that the EDFs of the sputtered Al and Si atoms at the substrate position are quite different. This
is due to the difference of scattering cross sections linked to the atomic radii of the elements:
1.82 A for Al and 1.46 A for Al and Si, respectively. Thus, even if the energy transfer efficiency

is similar, the probability of He/atom collision is larger for Al. The cooling effect due to
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collisions with He is much more effective for Al atoms than for Si ones as shown on figure 7
(b). However, the mean Kinetic energies for Al and Si atoms at the substrate given in table 2 are
not so different: 0.1 eV and 0.2 eV, respectively. The same comment can be made for the fast

He atoms for which 8 and 10 eV are obtained at the substrate location for Al and Si respectively.

4. Discussion
By correlating the film analysis carried out in this study, knowledge from He implantation
studies and data extracted from the SRIM/transport codes, it is possible to gain some insights

into the main parameters driving the formation of Al and Si films in He.

The mean kinetic energies of Al and Si atoms condensing at the substrate in the present work
(4 Pa of He) lie below 1 eV, which is quite low for magnetron sputtering deposition [53]
conventionally operating at 0.5 to 1 Pa in Ar. However, energetic He species, formed by
backscattering and neutralization of He ions at the target, carry energies around 10 eV and assist
the film growth. The proportion of backscattered He ions on Al and Si targets is high, close to
the sputtering yield (see table 1), indicating that this specie has to be taken into account. This
is confirmed by the study of Gauter et al. on energy transfers during magnetron sputter
deposition of various elements carried out in three gases [54]. They found out that the energetic
contribution due to backscattered gas atoms play an important role when He is used. Moreover,
because of the high thermal conductivity of He [55], and of the high pressure, thermal transfer
from the target, heated by the sputtering process, to the reactor surfaces occurs. This is
highlighted by the temperature rise of the external walls during the growth that lasts between 1
to 4 hours. All this suggests that energy is transferred from the target to the substrate during the
growth (fast He species and thermally heated gas atoms) and that the surface mobility of the

adatoms is certainly furthered as compared to the Ar case.
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In a previous study we proved that insertion of He in an Al thin film is related to the presence
of backscattered/neutralized He ions becoming fast neutrals. This suggests that, even if
conditions are different (He" flux and kinetic energy, substrate temperature etc.), a comparison
between the mechanisms of He insertion during implantation experiments and He insertion
during magnetron sputter deposition may be fruitful. In their work on Ti thin film deposition,

Liu et al. suggested that “a continuous sub-threshold-energy implantation process™ occurs [24].

As mentioned in the introduction, the implantation of He and its behavior inside the lattice have
been widely studied in many materials. In their work on metal surface modification by He
implantation Tanyeli et al. found that the formation of nanostructures/porosity is promoted by
adatom creation and diffusion, sputtering, and a mechanism specific to He, namely void
formation via the emptying of gas filled bubbles [17]. This process can only occur when He
accumulates and is trapped in bubbles very close to the surface meaning at “low” Kinetic
energies, typically below 50 eV. In a previous study of He" implantation in W, we showed that
a decrease in the ion kinetic energy promotes the accumulation of He in large bubbles just below
the surface that tend to easily break, releasing He, which induces the formation of open porosity
[46]. This is furthered in the present work, where the kinetic energy of the He ions is estimated
between 5 to 20 eV. After the implantation step, He mobility inside the lattice is required for
the formation of gas bubbles via a complex and well-described mechanism. He diffuses easily
in the lattice, forming interstitial clusters that are mobile and act as trapping sites for the further
in-coming He atoms. Above a certain size, He clusters are able to push out lattice atoms and
create He-vacancies which are bubble seeds [12,56,57]. At the atomic scale, these elementary
processes (atom/cluster diffusion, vacancy formation) involve lattice atoms and thus depend on
the crystallographic phase and degree of crystallinity of the material. In our deposition
conditions Si films are amorphous, whereas polycrystalline coatings are obtained for Al.

Moreover, Al crystallizes in FCC phase, which has been found favorable to He diffusion and
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the clustering process. This was pointed out by Tanyeli who reported the growth of nano-pillars

on an Al surface submitted to bombardment by 25-35 eV He ions [17].

Tanyeli pointed out that nanobubble formation near the surface is necessary but not sufficient
to give rise to nanostructure formation [17]. The presence of mobile adatoms able to diffuse at
the surface is also required. This is confirmed by Kajita et al. who investigated the growth of
nanofibers on Re and Ru surfaces submitted to He plasma. They highlighted that the
conventional growth model based on stress induced inside the metal by He bubbles that pushes
up the fiberform structures cannot explain all their observations. They suggested a growth
process based on the diffusion of adatom formed by He sputtering along the nanofiber [58]. In
magnetron deposition technique adatoms are, of course, present at the surface and no particular

mechanism of creation (sputtering, pushing up by He bubbles...) has to be invoked.

The question is: is the mobility at the surface high enough to sustain the growth of fiberform
nanostructures? Surface mobility can be defined, in terms of the T/Tn ratio for metals. For
example Kajita et al. reported that the nanostructuration of W takes place at temperatures in the
range 0.25 ( T/Tm ( 0.55 [59]. Measuring temperature is an extremely complex issue and is
always highly questionable. However, values that we obtained at the back of the substrate
holder during metal sputtering in our experiments are about 80°C. We can reasonably assume
that the corresponding domain may be reached for Al (160-360°C for a melting temperature of
660°C). On the contrary, because of its higher melting temperature (1410°C), significant
enhancement of adatom mobility is more difficult to reach at the Si surface. In comparison and
for similar deposition conditions, surface diffusion, and reorganization will be promoted in the

case of Al.

Thus, it appears that, for Al, in our experiment, the appropriate conditions are met to produce

nanostructures: fast He neutrals are implanted below the surface of the growing film, diffuse
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easily, accumulate in mobile clusters then in bubbles that break, leading to the formation of
open porosity. As the surface mobility is high, adatoms diffuse easily and nanostructures are
able to grow. This is in accordance with the film properties highlighted: the signature of the
formation of He bubbles and of He implantation is observed via DB-PAS, TEM (detection of
voids and nano-pores) and PEBS, EELS (detection of a small amount of He). The presence of
a dense 150 nm thick layer at the interface with the Si may be due to the fact that the formation
of a first Al layer, is required for He to be implanted and, thus, for the nanostructure to be

formed.

In the case of Si, the number of fast He atoms arriving at the substrate per condensing atom was
estimated to be higher than for Al. As explained above, the energetic conditions at the substrate,
for this high melting point element, do not allow significant surface mobility. Moreover, a very
important parameter is the amorphous nature of the growing Si film. In a recent study, Liu et
al. investigated He"™ implantation in crystalline and amorphous TiAl films deposited by
magnetron sputter deposition [60]. They observed the formation of blisters in the first case,
whereas in the amorphous film a swelling phenomenon is visible due to the stable insertion of
He in bubbles. This was attributed to a lower He atom mobility in the anisotropic amorphous
phase. Similar observations have been made for amorphous Si in investigations focusing on the
irradiation of crystalline Si by keV He+. It was found out that nanopores are only formed in the
zone where ion damage causes amorphization of the material [61]. This behavior was again
attributed to a lower mobility of implanted He than in the crystalline part. Moreover, these pores
are found aligned with the direction of ion motion throughout the radiation-induced amorphous
zone. This result is in good agreement with ours, since He nano-bubbles in Si are clearly

oriented toward the growth/implanted He atom direction.
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5. Conclusions
In this work deposition of Al and Si films by DC magnetron sputtering was performed in He in
similar conditions (power density at the target and distance x pressure product). Highly porous,
polycrystalline films composed of fiberform nanostructures were obtained for Al in which no
more than 5 at. % of He was detected. Amorphous columnar films were formed with Si
containing 45 at. %. of He captured in nano-sized bubbles. Using SRIM and a homemade code,
the sputtering of Al / Si targets and transport of the emitted particles were simulated to

characterize the deposition conditions.

The results were compared to the literature on the modification of surface materials by low
energy He ion implantation. Even if conditions at the substrate surface during magnetron
sputtering deposition can not be directly compared to implantation experiments (higher ion flux,
substrate temperature), the observations that we have made indicate that similar mechanisms
take place. It is obvious from our results, and those from other authors, that He is inserted during
the growth in the already deposited depth. The features of the films obtained (fiberform
nanostructures and oriented bubbles) are very similar to those of He implanted surfaces. This
leads us to think that fast He atoms formed by ion backscattering at the target play a role in the
insertion process despite the high pressure and the high number of collisions between the target
and the growing film. After this first step, depending on the element, different processes occur.
In Al, where He-atom / He-cluster diffusion is promoted and global surface mobility is high,
He release at the surface takes place and a porous structure made of fiberform nanostructures
is formed. In the case of Si, as the mechanism of He diffusion is unlikely in an amorphous
structure, He accumulates in stable nano-bubbles where it is efficiently trapped, and a gas/solid
nanocomposite is formed.

Comparing elements of close masses in similar deposition conditions has permitted to highlight

how the intrinsic features of the element (binding energy, crystalline structure) and the behavior
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of He inside the lattice impact the film structure. This work contributes to the understanding of
magnetron sputtering deposition basics and will pave the way for future design of nanoporous
films of various kinds. Of course, since using He as the sputtering gas will increase the operating
cost, applications will be restricted to high added value products or when not alternative

solution exist.
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Table I: sputtering yields and backscattering probabilities calculated from SRIM simulations of
the interaction between He(Ar) ions (of 290 eV and 370 eV respectively) and aluminum or
silicon amorphous targets.

Eion (eV) Sputtering yield in Backscattering
at/ion probability (%) of He
He/(Ar)
Al 290 0.22/(0.63) 19
Si 370 0.13/(0.36) 19.5
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Table I1: Mean kinetic energies of sputtered atoms and backscattered He atoms at the target and
substrate as calculated from SRIM data [32] and a homemade code [33].

E at the target (€V) E at the substrate (€V)
X:Al/Si Pre (Pa)  dsubstrate-target cm) X He X He
Al 4.2 12 24 108 0.1 8
Si 4.8 10 20 140 0.2 11
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Figure captions

Figure 1: GIXRD pattern of the Al thin film. Planes of the face centered cubic phase of Al are
labelled.

Figure 2: Cross section (a and b) and top view (b and d) SEM images of Al (a and c) and Si (b
and d) thin films.

Figure 3: PEBS spectra of Al (green) and Si (pink) thin films.

Figure 4: TEM observations and He bubbles identification in Al thin film. a) TEM BF image
of cross section of the whole multilayer thin film; b) TEM Zero Loss filtered image of the base
layer with 1pm underfocused (c) and overfocused images (d) showing bubbles (ref arrow). (e)
STEM HAADF image of Al cross section and (f) magnification area of region of interest
showing the spectrum image area acquisition for 4 extracted EELS Spectra (S1 to S4). g) EELS
of 3 bubbles in base area of Al deposit showing He pics around 22 eV (S1 to S3), and EELS of
Al outside the bubbles (S4).

Figure 5: TEM images of the cross section of the Si film at three magnifications.
Figure 6: S parameter (left) and positronium fraction (right) evolution with respect to the
positron energy for Al film deposited in Ar, Si wafer (substrate) and Al, Si films deposited in

He. The mean positron implantation depth in nm is given for silicon.

Figure 7: EDFs of sputtered Al, Si atoms and backscattered He atoms obtained from SRIM
and an homemade code at the target (a and c) and the substrate (b and d) locations.
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