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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Si sputtering in He to produce amor-
phous silicon films containing gas filled 
nanopores. 

• A maximum He/Si atomic ratio of 0.9 
has been achieved. 

• Determination of microstructure and 
composition for different deposition 
conditions. 

• He release starts at 573–723 K annealing 
temperature for ca. 30 at% He content. 

• Tuning from solid-gas (4He and 3He) 
nanocomposites to nano-porous amor-
phous silicon films.  
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A B S T R A C T   

Sputtering of silicon in a Helium magnetron discharge has been reported as a bottom-up procedure to obtain 
amorphous Si films containing high amounts of gas-filled nanopores. Here we compare the microstructure and 
composition of Si–He nanocomposite films deposited by magnetron sputtering (MS) with 4He in DC or RF and 
3He in RF operation modes. Electron microscopy (SEM and TEM), X-ray diffraction (XRD) and ion beam analysis 
(IBA) have been used to analyze the films and to investigate the in-situ and ex-situ thermal evolution. Depending 
on deposition conditions different in depth compositions, nanopore size and shape distributions, porosity and He 
content could be obtained. The presence of impurities (i.e. oxygen) has shown to promote He diffusivity reducing 
He accumulation. The start temperature of He-release varied in the range 473–723 K without films crystalliza-
tion. Films grown in RF mode reached contents of 32 and 29 at% of 4He and 3He and were respectively stable up 
to 573 and 723 K both in vacuum and under inert gas flow. In-situ p-EBS (proton Elastic Back Scattering) allowed 
monitoring the He release accompanied by blistering/delamination effects visualized by SEM. These results show 
the potentiality of annealing to hold nano-porous structures after liberation of trapped gas.  
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1. Introduction 

Irradiation of metals with high to low energy (500 keV–100 eV) ion 
beams of light elements, and in particular He, has been a subject of study 
for many years due to its technological interest to study damage in nu-
clear reactor materials [1–6]. It was found that the dominating feature of 
inert gas atoms implanted in most solids is their high heat of solution, 
leading in most situations to an essentially zero solubility and gas-atom 
precipitation (formation of small “bubbles”) [7–9]. In addition to ion 
bombardment, helium plasma surface interaction experiments [10,11] 
and magnetron sputtering in He/Ar mixtures [12–14] also reported He 
incorporation, porosity and bubbles formation in different metals. The 
introduction of helium bubbles (cavities) by ion implantation found 
applications in silicon technology [15]. First experiments using 
magnetron sputtering (MS) of Si in pure He [16] showed the formation 
of Si thin films presenting closed nanoporosity and containing large 
amounts of trapped He. High resolution analytical transmission electron 
microscopy (TEM) allowed to demonstrate bubble formation by location 
of the He inside the nanopores at high pressure [17]. Gas charged films 
have been also reported for trapped N2 [18,19] and He [20,21] in 
different matrix elements fabricated by the magnetron sputtering “bot-
tom-up” process in pure N2 and He plasmas. Versatility, scalability and 
low cost are advantages of the sputtering methodology. 

Over the past years interesting applications have been arising for the 
amorphous Si–He nanocomposite films based on their particular char-
acteristics. Considering the high amount (up to 44 at% previously re-
ported [22]) of stable trapped helium, films were proposed as solid 4He 
or 3He targets for nuclear reaction studies in inverse-kinematic config-
uration and cross-section measurements [22–25]. These targets can 
overcome limitations of cryogenic or gas cell-based systems, which are 
bulky and difficult to handle thus facilitating usage, reducing energy 
straggling effects and simplifying geometry for calculations. Due to the 
films nanoporosity they were also proposed for single-material optical 
devices fabrication by alternating nanoporous and dense silicon layers 
with on-demand controlled refractive index [26]. The closed vs con-
ventional open porosity in porous silicon makes the devices very stable 
against chemical environments [26]. The closed nanoporous silicon 
material has been also tested as anode for all-solid-state lithium batteries 
[27]. Improved capacity and stability upon lithiation-delithiation 
cycling was found due to favoured relief of deformation-induced stress 
probed in the closed nanoporous silicon [27]. Building on the perspec-
tive interest and potential applications in different fields the present 
article aims to investigate the thermal stability and evolution of the 
amorphous Si–He nanostructured films grown by bottom-up MS depo-
sition. Both the permanence of He trapped and the structural evolution 
of the nanoporous microstructure will be considered. Previous annealing 
experiments were reported in He implanted metals in relation to irra-
diation damage in nuclear reactor materials [28]. Studies have been also 
reported for He implanted crystalline Si in relation to cavities and 
nanocavities formation of interest in silicon technology [29–31]. New 
studies are presented here for the case of amorphous Si–He nano-
composite films charged with high amounts of trapped He distributed 
along the films thickness as fabricated in a He magnetron discharge. 

Films were grown by MS with 4He and 3He in DC or RF operation 

modes aiming to evaluate the relationship between microstructure, 
composition and the thermal stability. Microstructural characteristic 
were referred to nanopore size and shape distributions, in depth He 
incorporation (Si/He atomic ratios) and total porosity. Significant ex-
periments to monitor the in-situ He releases were done by ion beam 
analysis (IBA) in a dedicated chamber [32] during annealing in vacuum. 
Ex-situ annealing was also done under inert gas (Helium) flow condi-
tions for complementary experiments. A variety of characterization 
techniques including electron microscopy (TEM and SEM) and complete 
IBA analysis (He, Si and possible impurities as O, C or H) are reported. 
The presented work aims to determine optimized films preparation 
conditions for high helium content and stability under annealing. Also a 
goal in this work was to evaluate structural damages and/or potentiality 
of the nanocomposite materials to hold the nanoporous structure after 
annealing. These results with silicon based films would be also a refer-
ence in the context of further investigations regarding “solid-gas” 
nanocomposite materials with other gases and matrix elements. 

2. Experimental 

2.1. Films preparation 

The 4He and 3He charged Si films were prepared within a conven-
tional magnetron sputtering (MS) deposition chamber (residual vacuum 
in the range 1×10− 6 mbar) to operate with one magnetron head fur-
nished with a 2 inch Si cathode (from Neyco, 99.999% purity). The 
cathode was placed parallel to the substrate holder at a distance of 10 
cm. As process gases we used: (i) natural He (mainly 4He) as supplied by 
Air Liquide (99.999% purity) and (ii) enriched 3He as received from 
Chemgas (≥99.9% purity). A detailed description of the deposition 
chamber can be found in Refs. [24] and [33]. In particular details are 
described for conditions of very low consumption of the scarce and 
expensive 3He gas. 

Table 1 summarizes the nomenclature of main three investigated 
samples along with their deposition parameters: deposition time, sub-
strate(s), gas pressure, power, discharge voltage, substrate temperature 
and evaluated deposition rates. Samples 1 and 3 were grown in a RF 
discharge using a magnetron ION’X from the TFC (Germany) Company. 
For sample 2 a magnetron from the AJA (USA) Company was employed 
in DC mode. Power generators CesarRF-Dressler and Advance Energy- 
Pinnacle Plus were respectively used in RF and DC mode and operated 
with constant power. The sample holder is at floating potential and was 
not cooled. To estimate and monitor the substrate temperature during 
film growth, a thermocouple is placed in a lateral zone of the sample 
holder a few millimeters above the surface. The films were synthesized 
as coatings on silicon wafer (100) substrates of 525 μm thickness. Only 
for specific XRD analysis in Bragg-Brentano configuration (Figs. 8 and 9) 
also fussed quartz substrates of 0.5 mm thicknesses were used as pro-
vided from Neyco. 

An additional Si–He-RF sample (nr. 4, Si–He-RF/fl) was fabricated 
for complementary experiments of ex-situ annealing under inert gas 
flow conditions. This sample was fabricated on Si and fussed quartz 
substrates at 150W in RF mode in a chamber with a 30◦ tilted magnetron 
placed at 5 cm vertical distance to the sample holder. Details can be 

Table 1 
Nomenclature and deposition parameters for main investigated samples.  

Sample nr. 
Description 

Deposition time Substrate 4He or 3He pressure (Pa) Power (DC or RF) 
(W) 

Discharge voltagea) 

(V) 
Substrate temperature (K) Deposition ratec) 

(nm/min) 

1: Si–He-RF (4h) Si, SiO2 4.8 150 (RF) 197–205 473–487 7.1 ± 0.05 
2: Si–He-DC (4h) Si 4.8 100 (DC) 395 863–673b) 7.3 ± 0.05 
3: Si–3He-RF (4h) Si 5.0 150 (RF) 170–180 473–483 5.4 ± 0.1  

a Measured voltage in the sources working at constant power (cathode voltage in DC or self-bias in RF). 
b A higher temperature was observed at the starting of deposition for this sample. 
c Calculated from deposition time and the thickness determined by SEM. 
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Table 2 
Annealing conditions for thermal stability studies.  

Sample nr. 
Description 

“In-situ” p-EBS analysis(Annealing under 
vacuum)(Films substrate: Silicon wafer) 

“In-situ” XRD analysis(Annealing under vacuum)(Film 
substrate: Fussed quartz) 

“Ex-situ” XRD analysis(Annealing under a 
Helium flow of 100 ml/min)(Film substrate: 
Fussed quartz) 

Heating ramp 
10K/min 

Isothermal annealing at 
final T 

Heating ramp (10K/min) in 
100◦ steps 

Isothermal annealing at 
each step 

Heating ramp 10 
K/min 

Time of isothermal 
annealing 

1: Si–He-RF R.T.a)-723K 60 min. 373K–1473K 4–5 min   
2: Si–He-DC R.T.-723K 30 min.     
3: Si–3He-RF R.T.-773K –b)     

4: Si–He-RF/fl     R.T.-573K 120 min.     
R.T.-823K 120 min.  

a R.T. room temperature. 
b No isothermal annealing to avoid detector damage. 

Fig. 1. SEM images of samples 1 to 3: (a) Low magnification cross-section; (b) planar view; (c) high magnification cross sections at the top (arrows remark the surface 
rugosity differences). 
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found in supporting information (Fig. S1). 

2.2. Films characterization (microstructure and composition) 

The thickness and morphology of the films (before and after 
annealing) were examined by scanning electron microscopy (SEM) by 
employing a HITACHI S-4800 SEM-FEG microscope operated at 1–2 kV. 
The samples deposited on silicon substrates were observed as such in top 
views and additionally cleaved for cross-sectional views. The nano-
structure of the nanocomposite films was investigated at the Laboratory 
of Nanoscopies and Spectroscopies (LANE-ICMS, Sevilla, Spain) by 
Transmission Electron Microscopy (TEM) using a Jeol 2100Plus and a 
Tecnai G2 F30 TEM operated at 200 and 300 kV, respectively. The cross 
sectional TEM lamellas were prepared by mechanical polishing and 
dimple grinding of the coatings deposited on silicon, followed by Ar+ ion 
milling to electron transparency. Low angle ion milling and polishing 
were carried out in a Fischione Instrument of Model 1010. Represen-
tative porous areas were selected for imaging and analysis. The pore 
distribution was evaluated from TEM micrographs by binarizing them 
and using the “Analyze Particle” function of imageJ software [34]. 

The presence of crystalline phases in films grown on Si substrates 
(before and after annealing) was investigated by X-Ray diffraction 
(XRD) analysis using a Bruker D8 Discover X-ray diffractometer in 
grazing incidence geometry operated with Cu Kα radiation. For details of 
particular “in-situ” and “ex-situ” XRD analysis we refer to section 2.3. 

The elemental and in depth composition of the coatings were 
determined by IBA (Ion Beam Analysis) at the Pelletron accelerator of 
CEMHTI laboratory (Orléans), a facility that is part of the EMIR&A 
French network of accelerators (http://emir.in2p3.fr). The 3U-2 Pel-
letron is a 3 MV single-ended electrostatic accelerator from National 
Electrostatic Corporation company (NEC). Target currents are in the 
range of 0.5 nA to a few tens μA. 

Silicon films grown on silicon substrates were measured as received 
recording IBA spectra as follows.  

i) Proton-beam at 2400 keV, 0◦ incidence angle and 178◦ scattering 
angle. For sensitivity to 4-helium by proton-Elastic Backscat-
tering Spectrometry (p-EBS)  

ii) α-beam at 2950 keV, 75◦ incidence angle and 30◦ scattering 
angle. For sensitivity to hydrogen by Elastic Recoil Detection 
Analysis (ERDA)  

(iii) α-beam at 2950 keV, 75◦ incidence angle and 155◦ scattering 
angle. For sensitivity to silicon by Rutherford Backscattering 
Spectrometry (RBS) 

(iv) Deuteron-beam at 1550 keV, 0◦ incidence angle and 166◦ scat-
tering angle. For sensitivity to oxygen and carbon by Nuclear 
Reaction Analysis (NRA) 

(v) Deuteron-beam at 900 keV, 0◦ incidence angle and 178◦ scat-
tering angle. For sensitivity to 3-helium, oxygen and carbon by 
Nuclear Reaction Analysis (NRA) 

Spectra i) to iv) were used to analyze samples 1 and 2. For sample 3 
spectrum iv) was replaced by spectrum v). The four selected IBA spectra 
for each sample were simulated by SIMNRA software [35] to obtain a 
unique target structure solution with concentration gradients of all 
detected elements. The nuclear reactions differential cross-sections are 
provided from SigmaCalc [36] and IBANDL databases [37]. Complete 
experimental conditions can be found in the supporting information 
section (Figs. S2–S5). Elemental depth resolution and detection limits 
for the IBA analysis are included in Fig. S6 what also accounts for the 
accuracy of quantifications. 

Elemental areal densities in at.cm− 2 and in depth compositions were 
quantified for Si, incorporated He and possible contaminant elements 
(H, O, C) as present on the films after magnetron sputtering preparation. 
Films total thickness, as determined by SEM, together with in depth IBA 
analysis and the reported density for amorphous silicon [38] have been 
used for porosity rate estimations. 

2.3. Annealing experiments 

Thermal stability experiments were done for all samples included in 
Table 1 by annealing in vacuum in the dedicated DIADDHEM chamber 
[32] at the Pelletron accelerator of CEMHTI laboratory. PEBS spectra 

Table 3 
Area density of Si and He and average porosity for the total thickness of investigated Si layers.  

Sample nr. 
Description 

Thicknessa) 

(μm) 
Area density (1015 at/cm2) Atomic ratio 

4He/Si 
Atomic ratio 
3He/Si 

Porosity (%) 
4He 3He Si 

1: Si–He-RF 1.70 ± 0.05 3540 – 5900 0.60 – 29 ± 1 
2: Si–He-DC 1.75 ± 0.06 3730  6320 0.59 – 26 ± 1 
3: Si–3He-RF 1.3 ± 0.1 – 1950 4430 – 0.44 30 ± 2  

a Measured from SEM cross-section (at different positions and cleaved areas). 

Fig. 2. TEM cross section images of samples 1 to 3. The arrows indicate the film growing direction.  

Table 4 
Average elemental composition for the total thickness of investigated Si layers.  

Sample nr. 
Description 

at% Si at% 4He at% 3He at% O at% C at% H 

1: Si–He-RF 54 32 – 3,6 2.3 8.4 
2: Si–He-DC 54 32 – 4.9 0.5 8.7 
3: Si–3He-RF 65 – 29 1.6 1.9 2.6  
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were in-situ recorded each 1.5 min with a 2.4 MeV protons beam during 
continuous heating starting from room temperature with a 10 K/min 
ramp. Depending on the kinetic of He release final temperature and 
isothermal annealing were selected and summarized in Table 2. For 
samples 1 and 2 a continuous heating ramp was done up to 723 K with 
isothermal annealing of 60 min for sample 1 and 30 min for sample 2. 
Sample 3 was heated up to 753 K with the continuous ramp and then 
cooled to avoid detector damage. Cooling was done with a 30 K/min 
ramp down to 373 K. Residual vacuum during experiments was in the 
range 10− 7 to 4.10− 7 mbar. Sample 1 (Si–He-RF) was also selected for 
in-situ X-ray diffraction analysis during annealing in vacuum (see con-
ditions in Table 2). A PANalytical X’Pert PRO diffractometer, equipped 
with a HTK-1200 N heatable chamber from Anton-Paar, was used in 

Bragg-Brentano configuration. Diffractograms were registered for sam-
ples prepared onto fussed quartz substrates at selected temperatures 
from 373 to 1473 K in 100◦ steps. Heating was done with a ramp of 10 
K/min to reach the desired T value. In each step the temperature was 
maintained for 4.5 min (adequate time for diffractogram recording). 

Complementary ex-situ annealing experiments were also done under 
inert gas flow (see conditions in Table 2). The additional films (sample 
nr.4, Si–He-RF/fl) deposited on silicon and fussed quartz substrates were 
heated in a tubular furnace Thermolyne 59300 in a He flow of 100 ml/ 
min. A 10 K/min ramp was used until the desired temperatures of 573 
and 823 K were reached and maintained for 120 min annealing time. 
After stopping heating the samples were cooled to room temperature 
inside the furnace under the He flux. The as prepared and ex-situ 
annealed films deposited on SiO2 were analyzed by XRD using a PAN-
alytical X’Pert PRO diffractometer with Cu Kα radiation in Bragg- 
Brentano geometry. The films deposited on Si were analyzed ex-situ 
by p-EBS at the 3 MV NEC 9SDH-2 tandem accelerator of the National 
Centre for Accelerators (CNA, Seville, Spain) using a 2.0 MeV proton 
beam and a passivated implanted planar silicon (PIPS) detector set at 
165◦. 

3. Results and discussion 

3.1. The as-prepared samples 

Fabrication of Si based films has been undertaken in pure Helium 
plasmas with the MS deposition conditions summarized in Table 1 and 
described in the experimental section. Sample 1 represents the film 
obtained with 4He in RF mode while sample 2 corresponds to 4He in DC. 
Sample 3 is representative of 3He loaded films prepared in RF mode. 
Fig. 1 presents SEM electron microscopy studies of the as-prepared 
samples. The low magnification SEM cross section images (a) were 

Fig. 3. Elemental depth profiles derived from total-IBA analysis (i.e. combining 
various beam conditions as described in the experimental section) for samples 1 
to 3. 

Fig. 4. Helium elemental depth profiles derived from: (i) proton beam EBS- 
spectra for 4He in samples 1 and 2; (ii) deuteron beam NRA-spectra for 3He 
in sample 3. 

Table 5 
Characterization of top part of the films with constant He concentration.  

Sample nr. 
Description 

% of 
total 
deptha) 

Area density (1015 at/ 
cm2) 

at% 4He 
(4He/Si 
atomic 
ratio) 

at% 3He 
(3He/Si 
atomic 
ratio) 

4He 3He Si 

1: Si–He-RF 59 2780  3590 40 (0.75)  
2: Si–He- 

DC 
46 2730  2990 45 (0.90)  

3: Si–3He- 
RF 

80  1765 3660  30 (0.50) 

Determined from TFU units (1015 at/cm2) depth profiles. 
a Percentage of total depth showing constant He concentration. 
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first used to determine the films thicknesses and therefore the deposition 
rates summarized in Tables 3 and 1 respectively. For the RF mode in 
same conditions a lower deposition rate was determined for the low 
atomic mass 3He as compared to 4He due to the expected lower sput-
tering rate [39]. Deposition conditions in DC and RF for 4He were 
selected to get comparable deposition rates. For a working pressure of 
4.8Pa, and same geometrical parameters, it was necessary to reduce the 
discharge power from 150W in RF to 100W in DC. Even so quite higher 
discharge voltage and substrate temperature were measured during DC 
deposition as compared to RF (Table 1). This will affect the films 

microstructure as will be discussed below. 
SEM images in Fig. 1 also show planar views (b) and cross-sections 

from the top part (c) of the investigated samples. The layer grown in 
DC (sample 2) shows a notorious surface nanostructuration as compared 
to the RF ones (samples 1 and 3). High magnification TEM images in 
Fig. 2, obtained from representative porous areas of cross-section la-
mellas, clearly show the characteristic nanoporous structure of the He 
containing films which tend to align in the growing direction (indicated 
by the arrows in Fig. 2). The DC sample show broader pore size and 
shape distributions in comparison to the RF ones in agreement with the 

Fig. 5. High magnification SEM cross sections images near the substrate for samples 1 to 3.  

Fig. 6. TEM cross section images of sample 2. Low magnification at bottom-left. High magnification at indicated zones. A dense thin layer at the first stage of film 
growth is visualized at bottom-right. 
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surface nanostructuration observed in SEM. Pore size and aspect ratio 
histograms are reported in supporting information together with the 
details of TEM image analysis (Fig. S7 a and b). Both deposition regimes 
and isotopes lead to different pore size and shape distributions. For 
samples synthesized by RF mode the pores were identified in the range 
of 0.5–15 and 5–20 nm for 4He and 3He respectively also associated to 
the different deposition rates. For the 4He DC sample most abundant 
pores are of 0.5–15 nm with additional pores from 15 to 30 nm showing 
also a broader pore shape distribution as compared to RF samples. 
Registered discharge voltage and substrate temperature values during 
films fabrication are reported in Table 1 with the sources operating in 
constant power mode. The higher deposition temperature reached in DC 
as compared to RF, in the present experimental conditions, could suggest 
a transition from zone T to zone 2 in the well-known SZM (structure zone 
model) diagram as described by A. Anders [40]. This could explain the 
changes of the microstructure, i.e. turning from densely packed fibrous 
grains to sharp-edge columnar grains. Nevertheless the presence of 
trapped He certainly affects the microstructure of the Si films through 

the bubbles formation. He incorporation and mobility due to higher 
deposition temperature may also play a role. 

Grazing incidence XRD analyses for films grown on Si substrates 
show in all cases no diffraction peaks as expected for the amorphous 
nature of the nanostructured Si films [16]. A representative diffracto-
gram from sample 2 is shown in Fig. S8 (supporting information). 

A main point in the characterization of the as prepared samples is the 
determination of He and Si contents by IBA techniques, and their com-
parison among the different growth conditions. Table 3 shows the ab-
solute determination of He and Si area densities given in 1015 atom/cm2 

(TFU units) for the total film thicknesses of as prepared samples. Atomic 
He/Si ratios have been also included in the table. The high amounts of 
stable trapped helium have been demonstrated, both in DC and RF 
operation modes, showing the suitability of the films to be used as solid 
4He and 3He targets for nuclear reaction studies [22–25]. Considering 
the total Si areal densities and film thicknesses, the mean porosity of the 
films has been evaluated and also included in Table 3. 

Another point of interest is to evaluate the impurities content of the 
films coming from plasma activated species from residual vacuum and 
degassing during operation of the MS chamber. In particular C, O and H 
are main impurities which have been analyzed by IBA techniques with 
detection limits summarized in supporting information (Fig. S6). Table 4 
shows the elemental composition in atomic percentage for the total 
thickness of the investigated films showing H and O as main contami-
nants and also C. The higher discharge voltage and substrate tempera-
ture reached in DC may enhance degassing, especially at the initial steps 
of deposition, leading to the higher H and O content for sample 2. 

A main characteristic of the IBA techniques is also their capabilities 
for in depth analysis which has been demonstrated of particular rele-
vance in this study. Elemental depth profiles derived from IBA are pre-
sented in Fig. 3 for the as prepared samples. The results clearly show that 
the incorporation of hydrogen and oxygen (and also C) occurs mainly at 
the beginning of the film growth and certainly from degassing species 
activated by plasma. Their presence would promote He diffusivity and 
therefore reducing He accumulation, as reported in He implanted silicon 
oxycarbide [41], oxide [42,43] and hydrogenated amorphous silicon 
[44]. Fig. 4 shows the comparison of He depth profiles for samples 1 to 3. 
The decrease of He concentration starts at a lower depth for sample 2 
(4×1018 at .cm2) compared to sample 1 (6×1018). Higher substrate 
temperature at DC plasma conditions are producing a more prolonged 
degassing at the beginning of the growth associated to H and O incor-
poration (Fig. 3). After contaminants removal under operation the top 
layer growths with constant He contents as high as 45 and 40 at % for 
samples 2 and 1 respectively. The Si:3He film (RF/static) appears 
particularly homogeneous in depth with the lowest incorporation of O 
and H contaminants (Figs. 3 and 4) associated to low substrate tem-
perature and the corresponding better residual vacuum. 

According to data in Fig. 4 it was also possible to evaluate the % of 
layer depth at the top part of the films with constant He concentration 
associated to low amounts of contaminants. Note that these depth per-
centages, included in Table 5, are determined from depth profiles in TFU 
units (1015 at/cm2). This is not directly related to the thickness in mi-
crons as composition and/or porosity may change along the films pro-
file. The Si and He areal densities and the He/Si atomic ratios are 
presented in Table 5 for this part of the films with constant He con-
centration. Enhanced He incorporation in comparison to average values 
in Table 3 are clearly observed for samples 1 and 2. The He/Si atomic 
ratio of 0.9 at the top layer in sample 2 is the highest value reported, as 
far as we know, for the Si–He nanocomposite materials fabricated by the 
MS bottom-up methodology. 

To visualize the microstructure associated to the observed gradient 
He incorporation, cross section SEM images are presented in Fig. 5 for 
near substrate areas. At the very first stage of the film growth a dense 
(non-porous) layer is observed associated to Si and the highest con-
taminants values (O, H, C) with almost zero He trapped. This layer (in 
the range of 170 to 70 nm thickness) is clearly visible in sample 2 with an 

Fig. 7. Helium content evolution derived from proton EBS-spectra during in- 
situ annealing in vacuum at indicated temperatures for samples 1 to 3. 
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abrupt change to a highly porous microstructure characteristic of He 
containing films. If we consider the continuous impurities reduction and 
Helium incorporation along a much longer distance (Figs. 3 and 4 for 
sample 2), we can conclude that the growing process may lead to porous 
structures ranging from empty to He filled pores. This is also congruent 
with the increasing of He diffusivity and release associated to the 
amount of impurities in the silicon matrix. A TEM cross-sectional study 
is presented in Fig. 6 for sample 2 showing the thin dense underlayer 
near the substrate and the growth of the porous layer from almost empty 
to He filled pores according to He profiles in Fig. 4. Similar results were 
found for sample 1 as shown in supporting information (Fig. S9). In this 
figure it is also remarkable the formation of highly elongated pores 
aligned into the growing direction. 

It is worth to emphasize that the exhaustive microstructural and 
compositional characterization of the films presented in this section 
provided new data to understand limitations, and to improve tailored 
fabrication, of Si–He nanocomposite films by MS in He atmospheres. 

3.2. “In-situ” and “ex-situ” annealing 

For a practical use of the He charged films it is important to elucidate 
the prevalence of micro-structure and/or composition of the He-charged 
films under manipulation and use. In particular a main objective in this 
work was to investigate the evolution of the Si–He films under annealing 
in vacuum or inert gas atmosphere. Thermal helium desorption in He 
implanted silicon has been widely investigated. Oliviero et al. [45] 
described Helium release from bubbles/cavities in silicon by the 
permeation from cavities to the surface. Nguyen et al. [46] studied the 
formation and growth of nanocavities and cavities by He + implantation 
followed by a N2 ambient annealing at 1073 K. Alix et al. [47] studied 
the evolution of helium nanobubbles during in situ annealing probed by 
spectrum imaging in the transmission electron microscope. They 
showed that helium emission takes place at temperatures where bubble 
migration had hardly started. At higher temperatures, the migration 
(and coalescence) of voids is clearly revealed. A dedicated study for the 
He–Si nanocomposite films prepared by the bottom-up MS deposition 
was not previously reported. These results may also be of interest to 
understand He distributions along the complete films thickness as pre-
pared by MS under the experimental conditions investigated in the 
present work. 

Fig. 7 shows the in-situ measured evolution of He content during 
heating in vacuum for samples 1 to 3 (see Table 2 for annealing 

Fig. 8. X-ray diffraction evolution for sample 1 during in-situ annealing in vacuum at indicated temperatures.  

Fig. 9. Characterization of sample 4 before and after ex-situ annealing under 
He flow at indicated temperatures. (Bottom) p-EBS spectra. (Top) X-ray 
diffraction pattern. XRD pattern for the fussed quartz substrate is also shown. 
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conditions). Sample 2 (grown in DC) is showing He desorption starting 
at 473 K while samples 1 and 3 (grown in RF) show the onset at 573 and 
723 K respectively. The larger nano-structuration, broader pore size 
distribution and very high He/Si atomic ratio (0.9 at the top) for sample 
2 lead to a lower temperature for He release. Sample 3 with a lower He/ 
Si atomic ratio, and a narrow pore size distribution centered at 11 nm, 
showed the higher thermal stability under vacuum. As already described 
the grazing incidence XRD analyses for as prepared films show in all 
cases no diffraction peaks as expected for the amorphous nature of the 
nanostructured Si films [16]. Fig. 8 shows the in-situ X-ray diffraction 
during annealing in vacuum for sample 1 fabricated on a fussed quartz 
amorphous substrate (see Table 2 for annealing details). Crystallization 
starts at ca. 1073 K when de diffraction of the (111) planes of crystalline 
Si can be clearly identified (according to JCPDS reference code: 
00-027-1402). Therefore crystallization will happen long after the he-
lium release. 

For complementary ex-situ experiments the additional sample 4 was 
fabricated on Si and fussed quartz substrates at 150W in RF mode 
(Fig. S1). Fig. 9 shows its X-Ray diffractograms and p-EBS spectra before 
and after annealing in an inert (Helium) gas flow at selected tempera-
tures of 573 and 823 K (see details in Table 2). Films for the p-EBS and 
XRD analyses were grown on Si and fussed quartz respectively. 
Annealing under the inert gas flow shows similar results as annealing in 
vacuum for sample 1 with the start of the He release at 573 K and no 
crystallization in the tested conditions limited to heating at 823 K. 

3.3. Films characterization after thermal treatments 

Samples 1 to 3 were analyzed by electron microscopy after annealing 
in the DIADDHEM setup leading to the in-situ analyses shown in Fig. 7. 
Top-view SEM images are presented in Fig. 10 where we can observe a 
stronger blistering effect after total He desorption for sample 2, which is 
also the one showing the lower temperature for He release. This may be 
related to the presence of bigger pores in the as prepared film, together 
with the higher nanostructuration and relatively very high He content in 
the top layer. From ion implanted samples it was also observed that 
blisters can form at boundaries by absorbing nearby cavities. Blisters can 
burst, leaving behind a denude zone [28]. As we can observe in Fig. 10 
blistering is also observed in sample 1 but less abundant. However for 
sample 3 (grown with 3He in RF) blistering is rarely observed. In this 
particular case the top-view SEM image at high magnification shows a 
textural change that could be associated to delamination occurring 
during He desorption by annealing. This effect is also expected consid-
ering that thin films of Si can be fabricated by proton and helium im-
plantation followed by annealing and thin film exfoliation [48]. The size 
of the pores and the total amount of He (lower and homogeneously 
distributed) in sample 3 appears to favor a controlled He release 
showing delamination rather than blistering. 

For the silicon supported films after the in-situ annealing we have 
remaining thickness and/or large areas out of the blisters to achieve 
TEM cross section preparations. Therefore representative TEM images 
after annealing are shown in Fig. 11 showing the remanence of the 
porous nanostructure after He out-diffusion. These results are also of 
interest considering the fabrication of porous nanostructures based on 

Fig. 10. SEM images in top-view for samples 1 to 3 after in-situ annealing: (top) low magnification; (bottom) high magnification.  

Fig. 11. TEM cross section images for samples 1 to 3 after in-situ annealing.  
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the He assisted magnetron sputtering technique. 

4. Conclusions 

Based on previous works selected conditions have been used to 
fabricate 4He and 3He charged Si–He nanocomposite amorphous films 
by magnetron sputtering deposition. The integration of IBA analysis, 
electron microscopy and X-ray diffraction tools have shown to be 
fundamental to elucidate microstructure and composition including in- 
depth profile analysis. A first important conclusion is that contaminants, 
mainly hydrogen and oxygen, favor He diffusion and release during 
films growth thus reducing the amount of trapped He. It was also 
demonstrated that in the here selected conditions DC operation mode 
account for increased surface nanostructuration and a broader bubbles 
size distribution as compared to the RF mode. These effects appear 
associated to a higher substrate temperature during film deposition. 

For a practical use it is important to elucidate the prevalence of 
structure and composition of the He loaded films. The ex-situ and in-situ 
analysis of He content evolution under annealing was supported by XRD 
and electron microscopy studies. Temperatures of 573 and 723 K could 
be reached before He releases in the annealing conditions of this work 
for samples containing 32 and 29 at% of He. Blistering and delamination 
have been proved to be major annealing effects limiting the fabrication 
of He-free porous structures. A previous work reported He release at 
1500 K for W films growth by MS in He although for a much lower He/W 
ratio of 0.087 [49]. 

Regarding He content most favorable conditions lead in this work to 
a maximum He/Si atomic ratio of 0.9 which, to our knowledge, is the 
highest value reported up to know. Such a high amount of helium 
compromises the mechanical stability of the material with increased 
brittleness and a strong blistering effect under thermal treatment. 

The presented study is relevant in the context of proposed applica-
tions mainly related to the solid-gas nanocomposite character of the 
materials. The microstructure elucidation and depth profile composi-
tions are fundamental information for a practical use of these films as 
solid targets for nuclear reaction studies. These applications include 
targets for scattering cross sections measurements and studies in inverse 
kinematic configuration [22–25]. In addition the thermal stability and 
the capacity to get nanoporous materials during fabrication, or after 
controlled helium release by annealing, are also of interest in fields 
related to optical applications [18], catalysis/electrocatalysis [50], 
hydrogen production [21] or batteries [27]. In summary this work 
presents valuable characterization and know-how to further develop 
these materials. 
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A. Fernández, Characterization and validation of a-Si magnetron-sputtered thin 
films as solid He targets with high stability for nuclear reactions, ACS Omega 1 
(2016) 1229–1238, https://doi.org/10.1021/acsomega.6b00270. 

[23] G. Carozzi, J.J. Valiente-Dobón, A. Gadea, M. Siciliano, D. Mengoni, A. Fernández, 
V. Godinho, D. Hufschmidt, A. Di Nitto, Test of a 3He target for transfer reactions 
in inverse kinematics, Il Nuovo Cimento 42C (4 pp) (2019) 94, https://doi.org/ 
10.1393/ncc/i2019-19094-9, art. nr. 

[24] A. Fernández, D. Hufschmidt, J.L. Colaux, J.J. Valiente-Dobón, V. Godinho, M. 
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