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A B S T R A C T   

The introduction of porosity in nanomaterials via magnetron sputtering in helium atmospheres is an interesting 
strategy for the design of functional materials. Amorphous silicon coatings, with high concentration of He 
incorporated in the form of overpressurized nano-bubbles, present modified optical properties in comparison 
with dense coatings of similar composition. 

In this work, annealing process in He atmosphere from 300 ◦C up to 1200 ◦C is performed to evaluate stability 
after the release of He from the a-Si:He coatings (thickness ~1700 nm) and to favor matrix crystallization and 
defect evolution. The work is focused on these effects on the silicon film and its properties. The composition and 
microstructural evolution of the coatings annealed to temperatures as high as 1200◦ were investigated by 
electron microscopy and X-Ray diffraction. Annealing effects on the optical properties and bandgap of the silicon 
coatings were evaluated by ellipsometry and UV–Vis spectrometry. Helium release from the coating, densifica-
tion, defects evolution and ordering due to crystallization have a small effect on the refractive index, but cause a 
significant change in the material band gap from 1.37 eV to 1.80 eV.   

1. Introduction 

Over the last decades there has been an increasing interest on the 
nanostructuring of thin films and surfaces by low energy helium (He) 
plasma treatments [1–3], ion implantation [4] or by magnetron sput-
tering of thin films [5–11]. The very low solubility of He in different 
materials forming nanopores, can lead to bubbles containing high He 
density [7,12–14], voids [15] or to fine fuzz nanostructures[1,8]. The 
different obtained nanostructures have been paid attention, as a strategy 
for the design of functional materials, finding applications in photonic 
devices [16], solid He targets [12,17,18], solar light absorbers [19], 
photoactive materials for solar water splitting [20], anodes in 
rechargeable lithium batteries [9] or for decomposition of organic ma-
terials [21,22] among others. The formation of overpressurized He 
nano-bubbles [23] and its microstructural evolution [24] is a common 
feature to these approaches, which plays an essential role on the nano-
structuration of these materials. 

Among the different strategies, the formation of helium nano- 
bubbles by ion implantation, either in metals or semiconductors, has 
been widely investigated. Several mechanisms have been proposed by 
different authors [13,25–27] to explain its nucleation and growth; 
mainly due to its implications in the nuclear physics community 
[11,27,28]. There is a common consensus that He atoms tend to 
aggregate and interact with host material defects, either by occupying 
available positions or by generating them when sufficiently high energy 
or ion dose is involved leading to extended defects as platelets or bubbles 
[13,29]. These defects in crystalline silicon have been promoted for 
example in semiconductor research on device applications as impurity 
getters [25,30], or for strain relaxation and smart cut in the SOI (Silicon- 
on-insulator) technology [31–33]. Similar formation of He bubbles was 
also reported for implanted amorphous silicon (a-Si) layers[33]. 

In our previous works we have proposed an alternative methodology 
to prepare a-Si layers with tailored refractive index by magnetron 
sputtering stabilizing high density of over pressurized He bubbles 
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[5,7,12]. Using pure helium, or mixtures of helium and argon [6] as 
deposition gas, coatings with huge He/Si content up to 0.79 [12] can be 
tailor-made, presenting He bubbles with sizes varying from 3 to 60 nm 
[5,7,12], that proved to be very stable in time (at least up to two years) 
and under low energy, low Z ion radiation [12]. Magnetron sputtering 
technique presents great advantages over implantation as it provides 
reproducible coatings, with homogeneous porosity and He concentra-
tion through the whole coating in a wide range of controlled thicknesses 
and on a broad variety of substrates, including polymers and porous 
membranes [5,16,34]. Moreover, the methodology is also suitable for 
the preparation of porous metallic or composite layers [10,23,34] on a 
laboratory scale, without the need for ion implantation facilities and 
that could be easily scaled up to an industrial process. Other authors 
have also investigated the incorporation of He into metallic films by 
magnetron sputtering in He/Ar atmospheres [3,11,27,35,36]. 

The introduction of defects by implantation and the formation of 
voids upon heat treatment, in crystalline silicon, are reported to induce 
deep levels in the silicon band gap [25,37] associated to the dandling 
bonds present on the internal nanobubble’s surface[25]. It is described 
that during annealing treatments of implanted silicon at temperatures 
higher than 300 ◦C, helium permeates from bubbles leaving the crys-
talline matrix resulting in the formation of empty voids [4,25,38]. This 
mechanism of void formation can be of technological interest to selec-
tively modify the recombination lifetime in silicon devices [39]. In the 
case of amorphous silicon films, the inherent disorder of the amorphous 
structure and the presence of dandling bonds have strong effect on the 
electronic density of states[40]. Helium nano-bubbles in a-Si film will 
increase the degree of structural disorder and dandling bonds. The aim 
of the present work is to investigate the annealing response of amor-
phous silicon coatings (thickness ~1700 nm) containing over-
pressurized He bubbles prepared by magnetron sputtering. 
Temperatures up to 1200 ◦C were used for a complete He desorption and 
to investigate the role of Si crystallization and defect evolution. The 
relationship with the structural changes occurring in the host coating 
upon annealing and the effects on the optical properties (refractive 
index) and bandgap values will be investigated and discussed in the 
present work. 

2. Experimental 

To increase the introduction of defects and the disorder in the 
coating, the deposition conditions were selected to achieve the highest 
He incorporation. As described in [12] a high He/Si ratio is obtained 
when Helium working pressures of 2.7 Pa was used [12]. The coatings 
reported in this work were deposited at 150 W in rf mode using 2.7 Pa of 
He from a pure silicon target (2″) placed at 5 cm from the sample holder, 
details on the procedure can be found in [12]. The coatings were pre-
pared on silicon (100) and fused silica substrates deposited simulta-
neously. Annealing treatments were performed in He atmosphere (He 
flow 100 ml/min in a tubular furnace Thermolyne 59300), on samples 
deposited on Si and fused silica for chemical, microstructural and optical 
investigations. A 10 ◦C/min ramp was used until the desired annealing 
temperature was reached, the samples were then heat treated for 120 
min and then cooled to room temperature inside the furnace. 

The composition of the coatings was evaluated by nondestructive Ion 
Beam Analysis (IBA) techniques at the 3 MV NEC 9SDH-2 tandem 
accelerator of the National Center for Accelerators (CNA, Seville, Spain). 
Proton elastic backscattering spectrometry (p-EBS) following the 
method described in [41] using a beam of 2.0 and 1.0 MeV and a 
Passivated Implanted Planar Silicon (PIPS) detector set at 165◦, was 
used to determine the amounts of He and Si in the coating. The p-EBS 
spectra were analyzed with SIMNRA software [42] using the evaluated 
(SigmaCalc) cross-sections obtained from the IBANDL database, IAEA 
base [43]. Carbon and Oxygen contaminations in the films were eval-
uated by Nuclear Reaction Analysis (NRA) using the reactions 16O(d, 
p1)17O and 12C(d,p)13C with deuterium ions of 890 and 990 keV. 

The thickness and morphology of the samples were examined by 
scanning electron microscopy (HITACHI S-4800 SEM-FEG). The samples 
deposited on silicon substrates were cleaved and observed without 
metallization in cross-sectional views at 1–2 kV. 

The microstructure of the annealed coatings was first investigated by 
X-ray diffraction (XRD) measurements on samples deposited on fused 
silica substrates. The measurements were performed using Cu Kα radi-
ation in a Siemens D5000 diffractometer in a Bragg-Brentano configu-
ration in the 2θ angle range of 10–90◦. 

The microstructure of the porous films was also investigated using 
transmission electron microscopes (TEM) at the Laboratory of Nanos-
copies and Spectroscopies (LANE-ICMS, Sevilla, Spain) equipped with a 
Philips CM200 and a Tecnai G2 F30 operating at 200 and 300 kV 
respectively. The cross-sectional TEM samples were prepared from the 
coatings deposited on silicon, by mechanical polishing and dimple 
grinding, followed by Ar+ ion milling to electron transparency. The pore 
distribution was evaluated from the TEM micrographs by binarizing 
them and then using the analyze particles function of ImageJ software32 
[43]. 

The optical characterization of the coatings was performed by 
ellipsometry on samples deposited on fused silica substrates. The mea-
surements were executed in a UVISEL spectroscopic ellipsometer from 
HORIBA Jobin Yvon with an incidence angle of 60◦ and a wavelength 
range of 300–2100 nm. The data were analyzed using the Deltapsi2 
software developed by the HORIBA Jobin Yvon Company. 

The optical transmittance of the coatings was measured using a 
LAMBDA 750S UV/Vis spectrometer in the range 200–2500 nm. 

3. Results and discussion 

3.1. Morphology and microstructure evolution during annealing 

Fig. 1 presents the SEM (a and a.1) and TEM (b and b.1) bright-field 
cross-sectional views of the as deposited sample. As expected a highly 
porous coating was grown under the selected deposition conditions. A 
homogenous pore distribution, all through the coating thickness can be 
appreciated from the SEM cross sectional views (pores correspond to 
darker contrasts in SEM images a and a1: as an example, 2 pores are 
marked in red in a.1). The TEM images reveal in more detail the ellip-
soidal pore shape (lighter contrasts in images b and b1, as an example, 2 
pores are marked in red in image b1) and also its orientation that de-
pends on the geometry of deposition system and the selected deposition 
conditions (further information on this can be found in [5,16]). The 
selected area electron diffraction (SAED) pattern included in Fig. 1b 
confirms the amorphous structure of the film. 

The composition of the coating was checked by p-EBS, the measured 
and simulated spectra of the as deposited sample are presented in Fig. 2a 
and b for beams of 2.0 and 1.0 MeV respectively. The results show that 
the coating is composed mainly by Si and He with a high amount of He 
incorporated to the coating (~43 at%, check Table 1). The amounts of O 
and C (as contaminants) in the coatings were further investigated by 
NRA and the results are presented in Fig. 2c. The simulations reveal 
small amounts of these elements, lower than 2.0 at%. The composition 
of the coating is presented in Table 1. 

The a-Si:He coatings investigated in the present work were annealed 
at temperatures of 300 ◦C, 550 ◦C, 650 ◦C and 1200 ◦C in He atmo-
sphere. It is worth mentioning that all treated samples were deposited 
simultaneously, either on Si or fused silica substrates, or in different 
batches using the same deposition conditions and presenting similar 
composition and microstructure to the formerly presented results. The 
methodology followed for sample preparation is proved to give repro-
ducible and stable coatings [12]. 

The coatings’ microstructural evolution due to the annealing treat-
ments was first checked by XRD. Fig. 3 presents the diffraction pattern of 
the as deposited coating compared to the ones of the samples subjected 
to annealing at 300 ◦C, 550 ◦C, 650◦ and 1200 ◦C. Up to 550 ◦C the 
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coating remains amorphous. At 650 ◦C a peak appears around 28.6◦

corresponding to the (111) plane of Si, that becomes stronger and 
narrower for the coating annealed at 1200 ◦C. At 1200 ◦C also two 
smaller peaks, at 47.5◦ and 56.3◦, corresponding to (220) and (311) 
crystallographic planes of Si were observed. Similar results were found 
in a recent study by “in-situ” XRD analysis under annealing in vacuum 
[24]. 

The morphological and microstructural changes upon annealing in 
Helium flux were also investigated by electron microscopy by both SEM 
and TEM. Fig. 4 presents micrographs with details of the cross-sections 
of the heat-treated coatings. Observing the coatings’ microstructure by 
SEM micrographs (Fig. 4 a and b) annealing treatments at 300 ◦C and up 
to 550 ◦C result in no relevant changes when compared to the as 

Fig. 1. A) SEM cross-sectional view of the as deposited coating, a1) detail of the pores, b) TEM cross-sectional view with SAED pattern, b1) detail of the pores.  

Fig. 2. a) p-EBS spectrum at 2.0 MeV, b) p-EBS spectrum at 1.0 MeV, c) NRA with deuterium ions at 890 keV.  

Table 1 
Composition as given by p-EBS and NRA.  

Sample Annealing 
temperature 

Si 
(%at) 

He 
(%at) 

O* 
(%at) 

C* 
(%at) 

a-Si:He_as 
dep 

– 54.5 ±
0.9 

43.0 ±
1.1 

1.7 ±
0.1 

0.8 ±
0.1 

a-Si:He_300 300 56.5 ±
0.9 

41.0 ±
1.1 

1.9 ±
0.1 

0.6 ±
0.1 

a-Si:He_550 550 88.0 ±
0.9 

5.0 ±
1.1 

5.0 ±
0.1 

2.0 ±
0.1 

a-Si: 
He_1200 

1200 88.2 ±
0.9 

– 9.4 ±
0.1 

2.4 ±
0.1  
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Fig. 3. XRD patterns of the as-deposited a-Si:He coating and after annealing at 300 ◦C, 550 ◦C, 650 ◦C and 1200 ◦C for samples deposited on fused silica substrates. 
Peak positions for crystallographic planes of Si are indicated. 

Fig. 4. From a) to d) SEM cross sectional micrographs of samples treated at 300◦C, 550◦C, 650◦C and 1200◦C; from e) to h) TEM cross-sections of the coatings 
annealed at 300◦C, 550◦C, 650◦C and 1200 ◦C. 
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deposited sample. However, analyzing the TEM cross-sectional views of 
these samples some differences in pore size are observed (Fig. 4 e and f). 
To better appreciate these differences, the major and minor diameters of 
the ellipsoidal pores were evaluated over 150 pores using the ImageJ 
software and are presented in Table 2. For both dimensions the mini-
mum and maximum values observed as well as the calculated mean 
value and the respective standard deviation are presented, comparing 
the results for as deposited and annealed samples at 300 ◦C and 550 ◦C. 
Although in all samples very small pores are observed (see values of 
minimum major and minor diameters ≤3.5 nm) a clear increase in pore 
size is observed from the as-deposited sample (maximum major diam-
eter of ~43 nm) to the one treated at 300 ◦C (with pore sizes up to 73 
nm), which slightly decreases with the increasing of the annealing 
temperature to 550 ◦C (~67 nm), while keeping similar values in minor 
diameter (from 15 to 20 nm). 

By increasing the annealing temperature to 650 ◦C, the SEM image 
(Fig. 4 c) reveals a microstructure with certain interconnectivity be-
tween the different pores that is better observed from the TEM micro-
graph (Fig. 4 g). The XRD results showed the presence of silicon 
crystalline phase at this temperature. Ordering of silicon atoms to form 
crystallites could lead to some contraction favoring the widening and 
interconnectivity of pores. This effect is more pronounced for the sample 
annealed at 1200 ◦C, with the appearance of large Si crystals (Fig. 4 h). A 
clear pore size analysis of the samples subjected to 650 ◦C and 1200 ◦C, 
for comparison with the previous samples, is rather difficult since pores 
are interconnected. The SAED patterns presented in Fig. 5 confirm the 
crystallization of the coatings with diffraction rings for the coating 
annealed at 650 ◦C and spots for the sample treated at 1200 ◦C that 
correspond to nanocrystalline silicon. 

The composition of the annealed samples was followed by p-EBS and 
NRA and the results are presented in Table 1 and Fig. 6. In Fig. 6 the p- 
EBS spectra of the as deposited sample is compared to the ones of the 
annealed coatings. Annealing treatment at 300 ◦C does not seem to have 
a strong effect on the composition of the coating; a slight decrease of the 
He amount is observed (5% He loss). This effect could be associated with 
a certain loss of He trough effusion. The diffusion of He and aggregation 
of small pores to form bigger pores was reported to be presented at low 
temperature and further induced by the vacuum annealing temperature 
and duration [25] explaining the moderate increase in pore size 
observed after annealing at 300 ◦C. 

In the case of He implanted samples it is reported that at tempera-
tures higher than 300 ◦C He permeates from bubbles [25]. An irregular 
pore shape can be appreciated in some pores in Fig. 4e) as if they were 
the result of merging of other smaller pores. When increasing the 
annealing temperature in helium up to 550 ◦C this effect is also observed 
and most of the He (88 %) is diffused out of the sample (only 5 at% He 
remains) leaving a closed porous structure as already reported for 
annealing in vacuum[24]. Figure S1 in supporting information shows 
high-resolution TEM cross sectional views comparing in more detail the 
pore shapes of the as deposited sample and the annealed at 300 ◦C and 
550 ◦C. At 1200 ◦C no He signal was detected by p-EBS. Similar results 
were reported for annealing treatments performed on He implanted 
silicon [14,25]. Also Liu and co-workers [35] investigated the defect 
characteristics related to helium and its thermal release behavior from 
helium-charged titanium coatings deposited by magnetron sputtering. 
Their work points how He desorption is close related to the trapping 
state being limited by the energy needed for its dissociation from the 

trapping sites. They attributed desorption at low temperatures to helium 
at interstitial and surface sites, at middle temperatures desorption would 
be due the detrapping of helium inside the bubbles, for different size 
bubbles different activation energies would be needed and at high 
temperatures helium would release from small clusters of helium- 
vacancy complexes[35]. In the case of our coatings, the small decrease 
in helium content observed for sample annealed at 300 ◦C could be 
related to the low-temperature desorption from surface and interstitial 
sites. Raising the annealing temperature up to 550 ◦C, 88% of the He in 
the coating was released, most of it from the overpressurized pores. After 
annealing at 550 ◦C 5at% of He is still remaining in the coating and 
higher energy, higher temperature is needed to completely remove it 
from the coating. The presence of O and C in the annealed coatings was 
also followed, and checked by NRA in the case of the samples treated at 
1200 ◦C. An increase of O and C content is observed, most probably 
associated to the formation of an open structure. 

Previous works on He charged metal thin films prepared by 
magnetron sputtering [27,36] discuss the effects of annealing temper-
ature on He desorption and microstructural evolution from microscopic 
bubbles to macroscopic effects as blistering and bursting. Wang et al. 
[27] report that blistering is a consequence of He diffusion and con-
centration at the interface between the films and the substrate. The size 
(from several micrometers to hundreds of micrometers) and number of 
the blisters tends to increase with annealing temperature increasing 
[27]. As the He atoms concentration increases with temperature the 
pressure inside these very large pores increases and burst occurs. Also 
He-charged Si films prepared in a DC discharge mode showed increased 
surface nanostructuration (and broader bubbles size distribution) with a 
significant blistering upon annealing in vacuum [24]. Blistering and 
consequent bursting are strongly affecting the surface and optical 
properties of the coatings. Surface morphology of the annealed coatings 
was therefore evaluated by SEM. Fig. 7 shows SEM planar views of the 
heat-treated samples deposited on fused silica substrates, which will be 
used in the next section to evaluate the optical properties of the coatings. 
The surface of the as deposited sample and heat-treated (up to 650 ◦C) 
samples are similar and smooth. However, blistering occurs in the case 
of the samples deposited on silicon substrates. Figure S2 shows as an 
example the surface and cross section of annealed samples on silicon 
substrates presenting blisters. The composition of the coating deposited 
on fused silica was checked to discard that compositional changes could 
be the reason for this effect, Table S1 shows a comparison of composi-
tions obtained by p-EBS for samples deposited on silicon and on fused 
silica, heat treated at 550 ◦C. No compositional changes were observed. 
Further work should be performed to investigate the influence of the 
substrate in blistering. 

3.2. Optical properties of the annealed coatings 

First of all, it is relevant to place this work in the context of how the 
introduction of different amounts of He in the a-Si films alters the 
refractive index of the coatings. Fig. 8a) compares the refractive index as 
a function of the wavelength for the as deposited a-Si:He coating pre-
pared in this work (with He/Si of 0.78) with a coating presenting lower 
He content (He/Si of 0.58) and also a dense Si coating fabricated by 
magnetron sputtering using Ar and substrate bias (details on deposition 
conditions and characterization of these coatings can be found in 
[5,12]). As can be appreciated an increase in the He content leads to a 

Table 2 
Statistics on pore sizes from TEM micrographs (over 150 pores analyzed).  

Sample Annealing temperature Major diameter (nm) Minor diameter (nm) 

Min Max Mean σ* Min Max Mean σ* 

a-Si:He_as dep –  3.3  43.1  14.3  8.2  1.7 15  6.8  2.5 
a-Si:He_300 300  3.4  73.2  23.3  14.7  2.5 18.4  8.5  3.1 
a-Si:He_550 550  3.5  67.1  20.5  13.9  1.7 20.4  8.8  3.4  
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significant decrease of the refractive index (n) of the a-Si:He coatings 
associated to a higher total porosity as compared to the high n presented 
by the dense coating. 

The microstructural and compositional changes during annealing 
may have also an effect on the optical and electronic properties. Fig. 8b) 
and c) present the refraction index and extinction coefficient from 
ellipsometry measurements of the as prepared and annealed samples (up 
to 650 ◦C). Experimental and fit data of ellipsometry data are presented 
in figure S3. A three-layer model (see sketch in Figure S3) composed by 
the substrate (fused silica), the porous coating and a surface layer was 
used. To model the porous coating, we have chosen the simplest model, 

employing an Effective Medium Approximation (Bruggeman) mixture of 
Tauc-Lorentz oscillator and void. The model fits well the experimental 
data with Mean Square Error values of 10.4, 9.1 and 6.2 for the as de-
posit, 550 ◦C and 650 ◦C annealed samples respectively. A good agree-
ment was also found between the samples’ thickness values obtained by 
SEM cross-sectional views and those given by ellipsometry, values are 
presented in Table S2. As it can be appreciated in the selected wave-
length range the coatings present similar optical response. Fig. 8b) 
shows that with increased annealing temperature to 550 ◦C there is a 
small increase in the refractive index that can be associated with a 
certain densification due to the rearrangement of the porous structure 

Fig. 5. SAED a) sample annealed at 650◦C, b) sample annealed at 1200◦C  

Fig. 6. p-EBS spectra at 2 MeV, comparison of the as deposited coating with samples annealed at 300◦C, 550◦C and 1200◦C  
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and He mobility during annealing. Further increasing the annealing 
temperature to 650 ◦C lead to the crystallization of silicon passing from a 
long ranged disordered amorphous porous structure to a nanocrystalline 
structure where amorphous phase, voids and crystals are present. 
Moreover, the interconnectivity between pores is pronounced and pores 
may be open up to the coating surface which can promote pore surface 
oxidation that can also contribute to reduce the refractive index. 

Although this effect should be taken into consideration it’s worth 
mentioning that a maximum of 9.4 at% of O was measured from NRA for 
the samples treated at 1200 ◦C in helium atmosphere. That would 
represent the maximum oxidation in the case of this work (see Table 1). 

Is worth mentioning that in this work we have not measured the 
mechanical properties of the coatings, but a certain degree of stress relief 
during annealing of the overpressurized could be expected, contributing 

Fig. 7. SEM planar views of samples deposited fused silica. Comparison of as deposited (a and b) and heat-treated surfaces at 550 ◦C (c and d) and 650 ◦C (e and f).  

Fig. 8. A) Effect of He incorporation on the refractive index of porous a-Si:He coatings, b) refractive index and c) extinction coefficient of the annealed samples in 
comparison to the as deposited one. 
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to the irreversible changes observed in the microstructure of the coat-
ings and affecting the optical properties as previously described by other 
authors[44]. 

A reduction of the extinction coefficient (k) is also observed with the 
increasing of the annealing temperature (Fig. 8c), being close to zero at 
wavelengths of ~900 nm for the sample annealed at 550 ◦C, while 
similar k values are obtained at ~1050 nm for the sample heat treated at 
650 ◦C and 1090 nm for the as deposited sample. These differences can 
be associated with the previously exposed densification of the a-Si: 
He_550 sample and densification plus crystallization and possible 
oxidation of the sample submitted to 650 ◦C[45]. 

The changes in structure and ordering due to annealing may affect 
also the band gap (Eg) of silicon coating. The optical band gap of the a- 
Si:He samples in the different conditions could present a wide range of 
variation as the coating structure changes from amorphous silicon with 
overpressurized He pores, to an amorphous silicon matrix with voids 
and finally to a more complex nanocomposite structure with amorphous 
and nanocrystalline phases with voids. We have calculated the Eg from 
UV–Vis transmission spectra (see figure S4) using Tauc’s equation. Fig. 9 
presents the results of UV–Vis Tauc’s plot for samples as deposited and 
annealed at 550 and 650 ◦C. 

Most of the works in literature correlate Eg with structure evolution 
or compositional changes (namely H or O content) of hydrogenated 
amorphous silicon[46]. Changes in Eg are correlated with the form and 
content of hydrogen bonding. In our case FTIR measurements were 
performed to evaluate Si-H and Si-O bonding and to discard their effects 
on the Eg. Figure S5 presents similar spectra for the as deposited and the 
annealed samples, suggesting that in our case the variations in Eg must 
be related with the structural changes. The effects of amorphous phase 
in optical band gap of silicon and the effects of topological disorder and 
defects have been previously investigated. The increase of structural 
disorder reduces de Tauc bandgap of a-Si [40]. In our results we observe 
lower Eg value for the as deposited a-Si:He sample (Eg = 1.37 eV). This 
value agrees with previously reported bandgap values for unhydro-
genated a-Si [47,48]. As the annealing temperature is increased, 
ordering of the porous a-Si:He structure takes place while He is released. 
The a-Si: He_650 coating presenting small crystals of around 13 nm 
introducing an ordered structure in the amorphous porous matrix pre-
sents a Eg of 1.80 eV. 

4. Conclusions 

In this work we investigated the thermal evolution and properties of 
amorphous silicon coatings incorporating a high amount of He in 
overpressurized pores. The coatings were deposited by magnetron 
sputtering in helium atmosphere followed by annealing treatments also 
in helium atmosphere from 300 ◦C up to 1200 ◦C. The results indicate 
that the optical and electronic properties of the coatings before and after 
annealing are closely related to their microstructure. Apart from the 
reduction in refractive index going from dense to porous He charged Si 
films, no significant changes in the refractive index of the annealed 
porous samples are observed. Nevertheless, according to microstructural 
analysis, at low temperature (300 ◦C) helium mobility is promoted with 
merging of pores and a certain densification and rearrangement of the 
porous structure is observed. This effect is more significant with the 
increase of annealing temperature up to 550 ◦C and a small increase in 
the refractive index is observed. At this temperature a great amount of 
He is already released from the sample. At 650 ◦C the sample presents in 
addition to voids (empty pores) small Si crystals (13 nm). Introducing an 
ordered structure by annealing leads to significant changes in the 
bandgap of the coating (from 1.37 eV for the as deposited coating to 
1.80 eV for the 650 ◦C annealed sample). Annealing at high tempera-
tures as 1200 ◦C leads to a structure of open porosity with bigger 
crystals. 
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