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Abstract: The present paper deals with the use of Si-nanoclusters as efficient 
sensitisers for Er and Nd rare earth ions or as active emitters in Si/SiO2  
Fabry-Perot microcavities. The films have been fabricated using the reactive 
magnetron sputtering of a silica target. The energy transfer efficiency from 
Si-nc towards Er ions has been studied as a function of the fabrication 
parameters (hydrogen rate, annealing temperature) through time resolved PL 
intensity measurements on Er-doped silicon-rich silica layers. A multilayer 
approach has been developed to determine the critical parameters such as the 
optimum Si-nc size and the characteristic interaction distance Si-nc-Er ions 
which govern the transfer Si-nc-Er. Thus we have found an optimum size of 
4 nm for the Si nanocluster and a maximum spacing of 0.4 nm between the 
Si-nc sensitisers and the Er3+ ions. First results on the efficient sensitising effect 
of Si nanocluster towards Nd3+ ions are also reported. Concerning the optical 
planar Si/SiO2 microcavities, spectral, spatial and temporal photoluminescence 
behaviour of the Si/SiO2 multilayers confined inside the resonator are studied. 
The comparison with a reference sample evidences the effect of the distributed 
Bragg reflectors structure on the intensity enhancement and the directional 
characteristic of the emission. 

Keywords: reactive magnetron sputtering; rare earth; Si nanocrystal; 
microcavity. 
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1 Introduction 

Since the discovery of efficient visible photoluminescence (PL) at room temperature 
from porous silicon [1], numerous studies dealing with silicon nanostructures have been 
carried out. Such emission properties offer promising development for Si-based 
photonics that are increasingly needed to meet the urgent demand for a high rate 
communication. Additionally, Si-based integrated photonic devices can also enable the 
mixing within the same chip of both microelectronic and photonic functions. 

Si nanoclusters (Si-nc) embedded in a SiO2 insulating matrix in single layer [2–7] or 
multilayer [8–12] systems present a much better chemical and mechanical stability 
than other nanoscaled Si structure porous silicon. The visible emission observed 
in these systems consists of a broad band emission peaking between 700 nm and 
950 nm, attributed to the quantum confinement of carriers in the nanoscaled Si [13]. 
To reach a better control of the emission direction and to improve the efficiency of the 



Si-nc photoluminescence, the Si-based active layers have been used as active layers in an 
optical microcavity [14–16]. 

Apart from the emission properties of Si-nc, such nanostructures offer a strong 
interest in the optical communication field at 1.54 µm since they play the role of efficient 
sensitisers of the neighbouring Er3+ ions when Si-nc and the rare earth ions are embedded 
in an insulating matrix. This results in a 3–4 order of magnitude increase of the Er3+ 
effective absorption excitation cross section from about 10–20 cm2 for Er-doped silica 
[17,18] to 10–16 cm2 for silica do-doped with Er and Si-nc [19]. Such a value for the 
effective absorption cross section, eff

abs ,σ  is close to that of the absorption cross section 

Siabsσ of the Si-nc [20,21]. This demonstrates that Er3+ ions are excited through the 
Si-nc as evidenced by many studies devoted to this domain during the last decade 
[22–26]. Such nanocomposite materials present a great potential for producing optical 
gain because of:  

• the excitation of Er ions through the Si-nc that benefits from the high absorption
cross section of Si-nc for optical pumping in the visible

• the advantage offered by the excitation via the Si-nc that allow a broad spectral
absorption band

• the increase of the active layer refractive index due to the presence of Si-nc with
respect to that of silica leading to a possible good confinement of light.

Moreover, encouraging results on the electroluminescence in such systems [27] together 
with the achievement of an gain in Er doped Si-SiO2 waveguides [28,29] open the 
possibilities of electrically excited amplifiers. Nevertheless, some detrimental processes 
such as cooperative up-conversion depending on the Er content, Auger non-radiative 
de-excitations and confined carrier absorption within Si-nc depending on the pumping 
fluxes can limit the achievement of a net gain. Such issues fear the debate on the energy 
transfer mechanism from Si-nc to Er3+ [30] and point out the necessary optimisation of 
the material in terms of Si-nc density, number of excited Er3+ ions, etc. 

Another possible application for the use of Si-nc as sensitisers of other rare earth (RE) 
elements has been demonstrated recently for Nd3+ ions [31–33]. This RE ion presents an 
interesting emission in the near infrared region and is widely used for laser application. 
The most commonly used transition is around 1.06 µm (4F3/2 → 4I11/2) because of the high 
gain obtained at this wavelength. Nevertheless, the 4F3/2 → 4I9/2 transition can also be 
used for an emission at around 0.9 µm. As for the case of Er, the development of Nd 
doped SiO2 for integrated devices is limited by the low cross section of its direct 
excitation [34]. Thus the indirect excitation via the Si-nc offers an increase of the 
excitation cross section and a broad pumping band. Such advantages pave the way to the 
fabrication of Nd-doped materials for optically and/or electrically pumped devices 
compatible with the CMOS technology. 

In this paper, we report on the fabrication process and the photoluminescent 
properties of Si-based nanostructures doped or undoped with Er3+ or Nd3+ ions. 
The reactive magnetron sputtering process allows the deposition of Si-rich SiO2 single 
layer (SRSO) or SRSO/SiO2 multilayers in which the RE ions can be incorporated. 
The effect of the microstructure on the sensitising efficiency of Si-nc towards the 
RE elements is studied. A preliminary study of an optical planar Si/SiO2 microcavity is 
also reported. 



2 Experimental 

The layers and multilayers (MLs) used for this study were deposited by reactive 
magnetron sputtering which consists in the sputtering of a pure silica target topped or not 
with RE oxide chips by a plasma containing a mixture of hydrogen and argon. 
This process benefits from the ability of the hydrogen species, formed in the plasma, 
to reduce the oxygen originating from the pure silica target allowing the growth of the 
so-called Si-rich silicon oxide (SRSO) layer.  

The RE doped layers have been obtained by the sputtering of a SiO2 target topped 
with RE chips under different hydrogen rates, rH 

2 2
( / )H H H Arr P P P= +  in the plasma. rH 

allows the control of the Si excess incorporated in the film, while the number of RE chips 
placed on top of the SiO2 target enables the adjustment of the RE content. The films were 
deposited on non-intentionally heated Si substrate with a power density of 0.75 W.cm–2, 
before being annealed during one hour under a N2 flux at different temperatures Ta 
ranging from 700°C to 1100°C. 

The maximisation of the RE emission requires the determination of some critical 
parameters governing the efficiency of the energy transfer between the Si-nc and the 
RE ions. For this purpose, we have developed for Er ions a multilayer approach 
consisting in the alternative deposition of SRSO and silicon oxide (SO) layers in which 
the Er ions can be incorporated either in SRSO or SO sublayers. The first configuration, 
SRSO-Er/SO MLs called ML-A (Figure 1(a)), was obtained by depositing alternatively, 
on a Si substrate heated at 650°C, a SRSO-Er sublayer provided by the sputtering 
of a SiO2 target topped with a given number of Er2O3 pellets under a plasma containing 
50% of H2 (rH = 50%) and a SO sublayer obtained by the sputtering of a bare SiO2 target 
under a pure argon plasma (rH = 0%). The second configuration, SRSO/SO-Er MLS, 
called ML-B (Figure 1(b)), was fabricated by inverting the gas procedure on the 
previously described targets. On the basis of the results obtained in the case of Er-doped 
SRSO layers, the MLs were annealed at 900°C during one hour. More details concerning 
the fabrication process can be found elsewhere [35]. 

Figure 1 Schematic of the Si-rich silicon oxide (SRSO/Silicon oxide (SO) multilayer (ML) 
configurations for the two localisations of Er dopant: either within SRSO (ML-A)  
or within the SO sublayers (ML-B). The amorphous or crystallised Si nanoclusters  
are represented by circles and the Er ions by the dots: (a) ML-A configuration  
and (b) ML-B configuration 

(a) (b)



For the microcavity whose active layer is RE-free SRSO/SiO2 multilayers, the growth of 
the SiO2 layer is obtained upon interrupting the hydrogen flux in the plasma. The 
multilayers have been deposited at 600°C with an hydrogen rate, rH, of 70%. The active 
layer is constituted of 21 SRSO/SiO2 periods (3 nm/10 nm) and has a refractive index of 
1.6 at 633 nm. The Bragg mirrors consist of three periods of SRSO/SiO2 having the 
following characteristic: SRSO thickness tSR = 59 nm, n = 3.5 and silica thickness 
tSO = 141 nm, n = 1.46. For the comparison, a multilayer constituted of the same number 
of periods has been used as a reference. The samples have been annealed at 1100°C 
during one hour to allow the phase separation between Si and SiO2 and also to recover 
the non-radiative defects. 

The structural analyses have been performed by means of conventional (JEOL 2010) 
and high resolution (TOPCON 002B) transmission electron microscopes (CTEM, 
HREM) on samples prepared in the cross section configuration, while the optical 
properties were analysed by room temperature photoluminescence (PL) measurements. 
For RE doped layers, the PL experiments have been performed using the 488 nm or 
476.5 nm argon laser lines that may be resonant or non-resonant depending on the 
considered rare earth (Er or Nd). The luminescence detection is obtained through a Ge 
detector. The emission lifetime measurements have been carried out with a laser beam 
chopped at a frequency of 15 Hz and a low pumping power of about 3 mW.cm–2.  
The overall response time of the system is lower than 0.5 ms. Concerning the optical 
characteristics of the microcavity, a 488 nm Ar laser line and a pulsed YAG laser tuned 
to the blue absorption of the silicon nanocrystals were used. The emitted light has been 
collected by a photomultiplier through a 1 m single monochromator. The Si lifetime has 
been recorded with a fast digital oscilloscope triggered by the laser for low energy 
pumping power. The spatial resolution of the PL emission has been investigated using an 
optical fibre of 600 µm in diameter mounted on a rotating stage giving rise to a collecting 
angle below 1°. 

3 Results and discussion 

3.1 Er-doped SRSO films 

The effect of the hydrogen rate rH on the Er emission is displayed on Figure 2. The PL 
spectra have been recorded under the non-resonant 476.5 nm laser line, in order to ensure 
that the Er ions are only excited through the Si-nc. The inset compares the spectra 
obtained under a resonant 488 nm excitation line for the layer free from Si-nc (rH = 0%) 
and for that containing Si-nc. For this latter, one can notice the enhancement by a factor 
250 of the Er emission in comparison with that free from Si-nc. This demonstrates the 
efficient sensitising of the Si-nc towards the Er ions. This is confirmed by the absence of 
the Er emission when the sample free from Si excess (rH = 0%) is excited through the 
non-resonant line. The evolution of the PL emission with rH indicates that the 
incorporation of hydrogen in the plasma favours the coupling rate between the Si-nc and 
the surrounding Er ions. Considering the previously reported SIMS and RBS results that 
reveal Er and Si contents almost independent on rH and equal of about 5 × 1019 at.cm–3 
and 11 at.%, respectively [36], such PL behaviour can be explained by an increase of the 
number of Si-nc coupled to the Er ions. This increase of the Si-nc density is confirmed by 
HREM micrographs for which one can observe numerous Si nanocrystals having 



an average size of 3 nm for the sample fabricated with the lowest hydrogen rate 
(Figure 3(a)), whereas few Si nanocrystals with an average size of 2 nm have been 
scarcely detectable for the highest rH deposited layer (Figure 3(b)). Such an observation 
suggests that the increase of the hydrogen rate in the plasma would induce some 
multiplication of the Si nucleation sites which, in turn, limits the size of the growing 
Si-nc. This can be attributed to the increasingly strong interaction between the reactive 
H-based species in the plasma with the growing surface, when is rH increased. Apart from 
the sensitising role of the Si-nc towards the Er ions which enhances the Er PL emission 
by a factor 250, the effect of the Si-nc density has been clearly evidenced regardless of its 
crystalline or amorphous nature. These results demonstrate that  

• amorphous Si-nc are also efficient sensitisers of Er ions

• the coupling rate between Er and Si-nc is greatly favoured by the increase
of the Si-nc density for a given Er content.

Figure 2 Photoluminescence spectra obtained in the range of Er emission using a non-resonant 
476.5 nm excitation line for the indicated values of hydrogen rate rH. The inset 
compares the photoluminescence spectra recorded on Si-free sample (rH = 0%)  
and on typical Si-rich sample (rH = 50%) 

Figure 3 High resolution electron micrographies of the films deposited with (a) rH = 10%  
and (b) rH = 50% 



In addition to the already described effect of rH, the Si-nc density can also be monitored 
by the annealing temperature Ta. Figure 4 reports a typical comparison of the PL spectra 
recorded on the layers fabricated with rH = 50% and annealed at different temperatures 
ranging from 700°C to 1100°C. The emission peak at 1.54 µm was found maximum for 
the sample annealed at 900°C. It is also the case for the samples obtained with different 
rH values as typically shown in the inset. It is worth noticing that the Si-nc formed upon 
annealing at 900°C are amorphous since no crystallisation has been observed by HREM 
(not shown here). Consequently, one can infer that the sensitising action of amorphous 
Si-nc is confirmed [24,37] and that an optimum Si-nc density is obtained at 900°C. 
One can, however, argue that the PL decrease for Ta > 900°C can be explained by some 
detrimental effect such as defect generation or the optically active Er3+ dissociation 
induced by the annealing treatment. To shed light on these aspects, the lifetime of 
emission Er

emτ  has been systematically measured with Ta. The results show a systematic 
increase from 3 ms for the samples annealed at 700°C to 7 ms for those annealed at 
1100°C. Since Er

emτ  includes both radiative and non-radiative decays, this improvement 
with Ta reflects the recovery of the non-radiative centres. Consequently, the defect 
generation or the optically active Er3+ dissociation cannot be responsible of the PL 
decrease observed for Ta > 900°C. One can also remark that the effective absorption cross 
section values show a monotonic behaviour towards Ta (as well as towards rH) and appear 
comparable to the absorption cross section of the Si nanograins [38,39] with an average 
value of about 5 × 10–16 cm2. This provides additional support and evidence to the 
indirect excitation of Er ions through the Si-nc. The PL evolution with Ta can be 
explained by an optimal compromise between the presence of a high quantity of 
non-radiative defects for the lowest temperatures (Ta < 900°C) and a low density of large 
Si-nc inside the matrix for the highest ones (Ta > 900°C). Thus for this latter case, apart 
from the lower density of Si-nc which influences the coupling rate with Er, there might 
be an issue relating to meet Si-nc which can exceed the critical value for quantum 
confinement. These considerations point out the importance of some key parameters 
governing the optimisation of the material such as the optimum Si-nc size and the critical 
value of its spacing from the Er ions for an efficient energy transfer. These two critical 
parameters will be carefully examined below through the multilayers approach. On the 
basis of these promising results, rib-loaded waveguides have been fabricated with such 
composite structure to look for an optical gain at 1535 nm. The measurements performed 
on these waveguides have evidenced that the presence of Si-nc strongly improves the 
efficiency of Er3+ excitation, as expected according to the above described results. 
However, these Si-nc are also responsible of detrimental effects such as confined carrier 
absorption or Mie scattering that limit the achievement of a net gain by introducing 
optical losses [29,40]. The authors have succeeded to decrease theses losses by lowering 
the annealing time and controlling the refractive index of the layers [41]. Such a device 
has to be optimised through, among others, an increase of the number of excited Er ions 
[42]. Moreover, the mechanisms governing for example, the energy transfer process, 
have to be deeply understood to succeed in the fabrication of planar waveguides having 
net gain at 1.54 µm. 



Figure 4 Photoluminescence spectra recorded with a non-resonant excitation line (476.5 nm)  
on the samples grown with rH = 50% and annealed at the indicated temperature.  
The inset show the variation of the photoluminescence intensity at 1.54 µm obtained 
with a non-resonant excitation line (476.5 nm) for some values of rH in function  
of the annealing temperature 

3.2 Er-doped (SRSO/SO) multilayers 

The above described results have pointed out the necessity to optimise the coupling rate 
between Si-nc and Er ions through different ways. Different recent works give some 
insight on the knowledge of some critical parameters governing the transfer. 
For example, some authors have studied the influence of the photon excitation flux and 
the number of excitable Er per Si-nc [43], the impact of the dynamics of the energy 
transfer (ET) from Si-nc to Er [44,45]. Some trend of an increasing ET efficiency for 
decreasing the Si grain size (dSi) [46,47], together with the studies on the characteristic 
carrier-Er interaction distance (dint) [48,49] have been pointed out. The determination of 
the two parameters, dSi and dint, allows the optimisation of the material in terms of 
sensitisers (Si-nc) and emitting centre (Er) concentrations, and requires, therefore, 
an exact determination for the realisation of high performance active device. 

3.2.1  Effect of the Si-nc size 

The effect of the Si-nc size on the emission of Er has been studied using the MLs 
in the configuration ML-A for different values of the Er-doped SRSO thickness, tSR in the 
1.2–7.5 nm range. Figure 5 shows some typical HREM image of the MLs for tSR = 1.8, 
3.8 and 5 nm. A careful observation of these micrographs reveals the presence of 
Si nanocrystals within the SRSO sublayers for tSR ≥ 3.8 nm (tSR = 3.8 nm and 5.0 nm, 
Figure 5(b) and (c)) whereas no crystallisation can be observed in the thinner SRSO 
sublayers (tSR = 1.8 nm Figure 5(a)). The amorphous state for thin SRSO sublayers has 
been already noticed. 

For such low thickness values, the crystallisation would require an annealing 
temperature higher than that used here (900°C) [50]. These amorphous Si-nc are, 
however, playing their role of sensitisers as described above and confirmed below. 
Figure 6 shows the variation of the Er PL intensity against tSR. The PL intensity increases 



gradually by about 20% when tSR, i.e., dSi, increases from 1.2 nm to 3.8 nm, and then 
decreases abruptly for tSR higher than 4 nm. For larger Si-nc, a smooth lowering of the PL 
intensity is noticed. This drop of the emission for larger Si-nc represents a clear evidence 
of some size effect when tSR reaches 4 nm and suggest that Si-nc becomes ineffective to 
sensitise the Er ions. Such behaviour can be attributed to the weak carrier confinement in 
large Si-nc whose size is comparable or larger that the exciton Bohr radius and to a 
concomitant shrinkage of the band gap preventing any resonance with the upper level 
of Er. The existence of an emission for the larger Si-nc grains (tSR = 7.5 nm) attests of the 
presence of small Si-nc with a size smaller than tSR. Another origin of such a drop is the 
occurrence of deexcitation processes such as energy back transfer and Auger-type 
interaction between Er and carriers. However the small changes in the PL intensity and 
Er lifetime with the temperature experiments (not shown here) exclude the existence of 
such deexcitation process responsible of the temperature quenching noticed in c-Si 
[51,52]. 

Figure 5 High resolution electron microscopy micrographies of the Si-rich silicon oxide 
(SRSO)/silicon oxide (SO) multilayers for the three values of the SRSO thickness tSR: 
(a) tSR = 1.8 nm; (b) tSR = 3.8 nm and (c) tSR = 5 nm 

Figure 6 Evolution of the photoluminescence intensity at 1.54 µm against tSR for the Er-doped 
SRSO/SO multilayers (configuration ML-A) 



3.2.2 Critical carrier-Er interaction distance 

The critical interaction distance has been determined by analysing the optical properties 
of the MLs in ML-B configuration when the Er-SO sublayer thickness (tSO) is varied 
from 2 nm to 30 nm for three typical values of tSR (1.8, 3.8 and 5.0 nm). Figure 7 displays 
the typical evolutions of the PL intensity (IPL) at 1.54 µm against tSO. A similar behaviour 
can be noticed for the three curves which consists first in an increase of IPL due to an 
increase of the number of excited ions and followed by the saturation of IPL that can be 
explained by the presence of Er ions in the central region of SO sublayers that are out 
from the energy transfer range. The different trends for reaching the saturation suggests 
that the Er distance from amorphous Si-nc formed in thin SRSO sublayers is much 
narrower than that from crystallised Si-nc in thicker SRSO sublayers. Concerning the 
thicker SRSO sublayers, and according to the results described above, large Si-nc become 
inefficient sensitisers. Thus this effect coupled with the probable presence of smaller 
Si-nc since the PL does not vanish, can explain the evolution of IPL for tSR = 5 nm and 
will interfere in the determination of the dint. For this case, one can only expect 
a confirmation of a trend deduced for the two smaller tSR. To be sure that the evolutions 
displayed on Figure 7 are not the consequence of a difference in the quality of the layers, 
we have examined the lifetime Er

emτ  for the various structures with different tSO values 
(Figure 8). The plots attest of the equal quality of the layers with a value of Er

emτ  which 
remains confined between 3.3 ms and 5.7 ms without any clear trend towards tSR or 
against tSO. 

To determine the characteristic interaction distance, the experimental data have been 
reproduced by two different approaches, one dealing with an exchange interaction, the 
other with a dipole-dipole interaction described by an exp(–x/x0) or x–6 law, respectively 
[53,54]. x is the distance between Er and Si-nc and x0 represents the characteristic 
Er-Si-nc distance. For the three values of tSR, the best fits were obtained with the same 
function of exchange interaction as shown in Figure 8. The simulations plot were 
performed with the following values of x0: 0.8 nm for tSR = 1.8 nm, 5.2 nm for 
tSR = 3.8 nm and around 10 nm for tSR = 5 nm. Considering that the Er ions are excited 
from the two adjacent SRSO sublayers, the reported values are twice of the critical 
interaction distance dint. Consequently, dint is about 0.4 ± 0.1 nm for tSR = 1.8 nm, 
~2.6 ± 0.4 nm for tSR = 3.8 nm, and ~5.0 ± 1 nm for tSR = 5.0 nm. As expected above, the 
simulation of the data obtained for tSR = 5.0 nm is not as good as for the two other tSR 
values since different effects are combining themselves in the recorded optical properties 
and lead to some difficulty to separate the unique effect of dint. On the basis of the HREM 
observation (Figure 5), the interaction distance seems to be dependent on the amorphous 
or crystalline state of the Si-nc as reported earlier if we compare the work of Jhe et al. 
[47] with that of Kimura et al. [48] who have obtained closer values to ours with 
0.5 ± 0.1 nm and 2–3 nm, respectively. Such discrepancies can be therefore attributed to 
the nature of our Si-nc. 



Figure 7 Evolution of the experimental data of the PL intensity at 1.54-µm in function of the 
thickness of Er-doped silicon oxide (SO) layer of the multilayers ML-B, for three 
typical values of SRSO thickness tSR: (a) 1.8 nm; (b) 3.8 nm and (c) 5.0 nm. 
Comparison of the experimental (symbols) and simulated (lines) evolutions of the PL 
intensity at 1.54-µm in function of the Er-doped silicon oxide (SO) layer thickness.  
The simulated plots are the results of fits using an exchange interaction mechanism 
decreasing as exp(–x/x0) 

In this connection, one can expect an influence of the phase nature of Si-nc on the 
carrier-Er interaction through both carrier localisation and interface quality. In the case of 
the amorphous sensitisers, the probability that the carriers are trapped at the interface is 
high whereas in the case of crystallised Si-nc, these carriers would be free within the 
nanocrystal. Thus the carrier wavefunction would be localised at the interface for the 
amorphous case with some overlapping with that of Er ions. In such case, dint represents 
the distance separating the Er ion from the interface of the sensitisers. When the Si-nc 
size increases, nanocrystallites are formed and in this case we have to take into account 
the size of the grain in the value of dint. 



Figure 8 Evolution of the Er emission lifetime in function of the Er-doped silicon oxide thickness 
(tSO) for the indicated values of the Si-rich silicon oxide layer thickness tSR 

3.3 Nd-doped SRSO films 

By replacing the Er2O3 chips with Nd2O3 chips on the SiO2 target, Nd-doped SRSO thin 
films have been fabricated using the same reactive process. Figure 9 reports the PL 
spectra recorded with the 488 nm Ar line excitation for layers prepared in the plasma 
with different hydrogen partial pressures 

2
( ).HP  The absorption spectrum of a thick 

Nd-doped SiO2 sputtered layer displayed in the inset of Figure 9 evidences that the 
488 nm excitation is almost non-resonant for the Nd3+ ions in SiO2 since no absorption 
occurs in this region. The different spectra show that the PL emission of Nd3+ ions is 
almost undetectable for the sample free from Si excess 

2
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peaks corresponding to the Nd3+ intra 4f-transitions appear clearly at around 0.9 µm and 
1.1 µm. These peaks are the signature of the sensitising role of the Si-nc towards the Nd3+ 
ions, similarly to that observed in the case of the Er3+ ions. The increase of the hydrogen 
content in the plasma leads to the concomitant increase of the Nd3+ PL emission and can 
be attributed to an increase of the Si-nc density originating from the multiplication of 
seeds as previously demonstrated for samples doped with Er ions [36]. 

Figure 9 Room temperature PL spectra of Nd-doped samples fabricated with different  
hydrogen partial pressures. The inset shows the absorption spectrum of Nd3+ ions  
in a Nd-doped-SiO2 thick film 



Such an increase of the Si-nc density, i.e., the growth of more numerous smaller Si-nc, 
favours the numbers of excited Nd3+ ions by reducing the average distance between the 
sensitiser and the RE, and therefore explain the observed increase of the PL intensity. 
Figure 10 displays a typical decay curve recorded at 0.9 µm. The decay exhibits 
a non-exponential behaviour that has already been observed in silica-based glasses [55]. 
The experimental curve has been fitted with a double exponential law taking into account 
a response time of the system of 4 µs. A lifetime of 47 µs has been then deduced and is 
comparable with the value reported for similarly Nd3+ doped silicon rich silicon oxide 
host [32]. 

Figure 10 Typical time resolved photoluminescence at 0.9 µm 

3.4 Optical planar microcavity 

The emission of layers can be improved in order to be used efficiently in optical devices. 
Figure 11 exhibits the typical PL spectrum of a SRSO/SiO2 multilayer recorded at room 
temperature. It evidences a wide emission band with a FWHM of about 250 nm and a 
maximum peaking at about 830 nm. By inserting such a structure into an appropriate 
Distributed Bragg Reflectors (DBRs) (Figure 12), the emission band is significantly 
narrowed (FWHM = 10 nm) while the intensity is increased by a factor of 7 at the 
resonant wavelength of the microcavity, i.e., 825 nm (Figure 11). This feature is 
attributed to the optical properties of the microcavity, as shown in Figure 11 reporting the 
reflectivity spectrum recorded at normal incidence. It displays the existence of a resonant 
peak located at 825 nm inside a photonic broad band (600–1050 nm) having a reflectivity 
as high as 99.9%. The width of the cavity mode after fitting the spectrum with a 
Lorentzian law gives a value of 10.1 nm which corresponds to a microcavity quality 
factor Q of 82 (Q = λ0/∆λ). Such an enhancement of the emission at the resonant 
wavelength of the microcavity is due, first, to the electric field intensity inside the 
microcavity which is higher than in the classical multilayer and, secondly, to the 
redistribution of the photon density of states which entails the selected wavelength range 
to be emitted normal to the cavity surface. This last point is demonstrated through the 
study of the angular distribution of the PL emitted light for both samples (Figure 13), 
i.e., planar microcavity and multilayer reference film. This latter has a PL emission 
spatially distributed over 90°, whereas the PL emission from the microresonator is 
concentrated inside a cone of 21°. Figure 14 displays the non-exponential lifetimes of the 
microcavity and of the multilayered reference sample. The effect of the microcavity is 
easily visible with a photoluminescence decay time of 24.3 µs, faster than that of the 



reference sample which reaches a value of 31.4 µs. This modification of the spontaneous 
emission rate can be explained by the presence of dielectric boundaries (Si-nc/SiO2) that 
modify the local electric field fluctuations but also changes the local optical density 
of states. 

Figure 11 Reflectivity spectrum of the microcavity and room temperature PL emission spectra  
of the multilayers (reference) and the optical microcavity 

Figure 12 TEM image and schematic representation of the optical planar microcavity 

Figure 13 Angular distribution of the PL emission at the resonant wavelength (825 nm)  
of the microcavity and the reference multilayers 



   

Figure 14 Time resolved photoluminescence at the resonance wavelength of 825 nm  
for the reference and the microresonator 

4 Conclusion 

The different parts of this work show evidence of the active role played by the Si 
nanoclusters as sensitisers of the co-dopant rare earth (Er and Nd) located in their 
neighbourhood within the silica matrix and as emitters in the case of microcavities. 
Concerning the Er-doped materials, the efficient sensitising effect of the Si-nc towards 
the RE and the determination of the optimum parameters governing the transfer 
efficiency pave the way for the fabrication of planar waveguides amplifiers at 1.54 µm 
which is the standard communication wavelength. An accurate control of the Si-nc 
density in the insulating matrix can offer the possibility of an electrical excitation of such 
devices, which will favour their integration on a Si chip. The sensitising role of the Si-nc 
has been also demonstrated for the Nd-doped SRSO layers that would offer the 
possibility of fabricating a Nd laser that operative by electrical excitation. Regarding the 
microcavities, it is possible to increase the PL intensity and to narrow the emission band 
of the active layer by inserting it in a distributed Bragg reflector structure. Thus, 
the quality factor of the microcavity can be improved by increasing the number of Bragg 
mirrors. Such structure can be fabricated with rare earth doped active layer which will 
enhance the PL emission of the Er or Nd in a composite SRSO layer. 
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