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A B S T R A C T

The influence of Er and Si nanoclustering on near-infrared (NIR) Er emission is investigated in fused silica
samples exposed to proton beams, used to reproduce the space radiation conditions at low-Earth orbit (LEO).
Bulk silica glasses are used as model systems that mimic optical fibers. The growth of Er/Si nanoclusters,
synthesized in co-implanted fused silica after thermal annealing between 1000 °C and 1200 °C, was analyzed by
transmission electron microscopy (TEM) and energy-dispersive x-ray spectroscopy analysis. Photoluminescence
measurements of Er3+ optical emission indicate that its 4I13/2 → 4I15/2 transition around 1.54 μm can still be
used for optical communication after proton irradiation doses equivalent to over 50 years of exposure at LEO.
Using a phenomenological model supported by Monte Carlo simulations, our results can be described in terms of
an increase of the photocarrier transfer occurring between Si nanocrystals and NIR Er emitting levels, which
partially compensates for the optical losses induced by structural damage. Our work demonstrates an alternative
approach for the development of advanced Er light sources with superior radiation resistance and longer
operating times in space environment.

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

1. Introduction

The vulnerability of Erbium and Ytterbium doped optical devices
upon exposure to harsh environments, is an ongoing research topic for
space technologies. Such devices are part of and essential to many

optical sources, gyroscopes, all fibered communication links and laser
sources used in outer space [1–6]. (Er,Yb)-doped fibers are severely
damaged by cosmic radiation [7,8], leading to irreversible optical
losses. The space radiation environment is mainly composed (~90%) of
electrons, protons and ions originating from the Van Allen belts, the sun
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and the cosmological background, as well as x-rays and gamma rays
that induce similar effects in optical fibers [9,10]. Typical radiation
doses associated with the proton flux at geosynchronous or low-Earth
orbits (GSO/LEO) within space modules are between 80 and 120 mGy
(0.8–1.2 mrad) per year [9,10]. The degradation of Er-doped fiber
amplifiers (EDFAs) properties up to failure is mainly due to the
generation of non-radiative trapping defects and color centers respon-
sible for critical optical absorption in fibers of about 10 m in length
[11]. Among the solutions explored to reduce the damage induced by
cosmic radiation in EDFAs and improve their lifetime in space
environment, H2 loading of hermetically coated EDFAs has been
proposed [12,13]. However, the formation of hydroxyl groups (OH)
and sometimes hydrides (SiH) was not found to be sufficiently
transparent in the near-infrared (NIR) spectral range, since its absorp-
tion peaks generate strong optical losses [14]. Other approaches based
on the development of amplifiers with shorter lengths and Ce-doping
were also implemented, yet these systems do not meet the requirements
for satellites because they are based on the use of strong optical
pumping that is too energy intensive [15].

Recently, Thomas et al. [16] suggested a solution based on the
inclusion of Er-doped nanoparticles (Er-np) chemically synthesized into a
nanostructured fused silica host matrix employed for the fabrication of
EDFAs. Their work showed a significant improvement of the resistance to
cosmic radiation in Er-np EDFAs, motivating further investigations of
systems in which Er-nps and silicon-based nanoclusters coexist.

Here we studied bulk silica glass substrates as a model system that
mimics optical fibers. We demonstrate that the optical emission of
hybrid systems containing Er-np and silicon nanocrystals (Si-nc) is more
intense and survives longer to proton radiation than the one of unmixed
nanoclusterized systems. Our first step was to identify the key micro-
structural and phase changes in Er/Si co-implanted samples after
annealing performed in the 1000 °C to 1200 °C range. We then
quantified the degradation rate of the near infrared (NIR) Er-np
photoemission under proton beam exposure, leading to a phenomen-
ological description of the abnormally elevated NIR Er emission in Er/Si
systems observed after irradiation tests. To this end, we conducted
investigations by high-resolution transmission electron microscopy
(HRTEM), followed by luminescence measurements. To simulate radia-
tion conditions in space environment, we implemented proton irradia-
tion experiments, supported by Monte Carlo calculations that allow us
to estimate the damage rate of silicon oxide induced by impinging
protons.

2. Experimental procedure

Commercial fused silica (UV-grade) substrates were initially im-
planted with 28Si+ of 50 keV at a fluence of 2.0 × 1017 ions/cm2,
followed by Er3+ ions implanted at an acceleration energy of 150 keV
and a fluence of 5 × 1015 ions/cm2 [17–19]. These two acceleration
energies were chosen to superimpose both the Si and Er depth-profiles.
Annealing treatments of implanted samples were then performed inside
an atmosphere controlled tubular furnace (Lindberg-Blue) for an hour,
under ultra-high purity nitrogen flux (N2) at atmospheric pressure, for
annealing temperatures of 1000 °C, 1100 °C and 1200 °C.

The samples were prepared for transmission electron microscopy
(TEM) imaging along their cross-section, using conventional techniques
of mechanical polishing and ion thinning. The latter was carried out
using the Gatan model 691 precision ion polishing system. Bright field
(BF), high-angle annular dark-field (HAADF), HRTEM and energy-
dispersive x-ray spectroscopy (EDS) were carried out using a JEOL
JEM2100F TEM operating at 200 kV for all experiments.
Photoluminescence (PL) spectroscopy measurements were conducted
at room temperature using a 405 nm laser-diode excitation source, as
well as an iDus InGaAs detector equipped with an ANDOR camera and a
QE65000 Ocean optics detector, for measurements in the NIR and
visible (VIS) ranges, respectively.

All PL measurements were recorded using the same experimental
parameters and optical components. During each irradiation, a portion
of the bombarded sample surface was masked by an aluminum foil to
block impinging protons. The PL-signal measured in this non-damaged
region was then used as reference power to quantify the variation of PL
intensity after each proton beam exposure and verify that the optical
alignment is unchanged. The optical absorbance measurements were
carried out between 300 and 1600 nm, using a VB-400 Woollam
spectrometric ellipsometer, equipped with a Xe-lamp monochromator.

The proton radiation experiments were performed inside a low-
energy accelerator, equipped with a magnet mass separator and a radio
frequency gas source, setting the acceleration voltage at 10 kV with the
implanted area at 0.81 cm2 using a collimator. According to Stopping
Range of Ions in Solids and TRansport of Ions in Matter (SRIM-TRIM)
calculations [20], the average penetration depth of normal incident
10 keV protons into fused silica substrates is around 150 nm, with a
maximum ion path of 250 nm. To simulate space conditions, the
irradiation dose, D (in mGy), can be obtained from the proton fluence,
Φ (in H+/cm2), by using the following equation [21]:

D dE
dx

= 1.602 x 10 Φ−10
(1)

where the mass stopping power, dE/dx, (in MeV/(mg/cm2)) is equal to
~0.28 [20], for incident 10 keV protons into a fused silica target of
mass density: ρ= 2.30 g/cm3.

3. Results and discussion

3.1. Microscopic investigations

BF TEM images are presented in Fig. 1a–b, and HAADF images in
Fig.1d–f, for samples annealed at 1000 °C, 1100 °C and 1200 °C,
respectively. For comparison purposes, all cross sectional images were
recorded at the same magnification.

In each sample, Si and Er-based nanoclusters were observed in the
upper region of the implanted SiO2 film up to a depth of 120 ± 10 nm
[22]. The average dimensions of these nanoparticles were determined
from an in depth analysis of TEM images, accounting for> 100
observed nanoclusters. As shown in Fig. 2, the diameter of the formed
nanoclusters increases continuously with annealing temperature, from
9.9 nm at 1000 °C, to 25.0 at 1100 °C, and up to 33.0 nm at 1200 °C.
Such an evolution of the nanoparticle sizes results from an Ostwald
ripening mechanism and coalescence effects, as described in previous
work [23,24].

HAADF analysis (also known as Z-contrast imaging) was carried out,
to measure the distribution of Si and Er after annealing and show their
effective overlap [24]. The thickness of the cross-sectional samples (t)
was measured by electron energy loss spectroscopy using the Log-Ratio
method [25], according to:

I It λ = ln( )t 0 (2)

where λ is the total mean free path for inelastic electron scattering, and
It/Io is the relative variation of the integrated spectral intensity with
respect to the zero-loss peak. The thickness is ~40 nm in each sample,
so that the TEM image contrast of all nanoclusters is proportional to the
concentration of Er. Only incoherently scattered electrons at high
angles were collected so that the acquired images can be interpreted
as a result of atomic number differences inside the sample [26]. Hence,
the nanoparticles with high-contrast in Fig. 1d–f can be associated with
clusters containing an elevated concentration of Er. HAADF images
indicate that Er atoms form larger aggregates about 33 nm in diameter
at higher annealing temperatures. At 1000 °C, the depth distribution of
small and isolated clusters suggests that only a small fraction of Er
contributes to the formation of nanoparticles. When annealing at
1100 °C, coalescence of Er into nanoparticles is more efficient and
leads to clusters richer in Er. In the sample annealed at 1200 °C, the
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observed nanoparticles were found to contain a higher concentration of
Er and no other Er atoms can be observed in the surrounding SiO2.

The microstructure and composition of the formed nanoclusters
were investigated by HRTEM. Two kinds of nanoparticles were
observed in the samples annealed at 1000 °C (Fig. 3a), 1100 °C
(Fig. 3b) and 1200 °C (Fig. 3c), namely: amorphous nanoparticles and
atom-ordered nanocrystallites, identified by black and white circles,
respectively. The inter-planar spacing (marked by a pair of parallel
white lines) was measured to be 0.313 ± 0.001 nm, which corre-
sponds to the {111} d-spacing of bulk Si.

Consequently, the white encircled nanoparticles are identified as
pure Si nanocrystals (Si-nc). As for the dark amorphous nanoparticles,
they were recognized as nanoclusters containing Erbium, which has a
higher atomic number than Si. Since the standard molar enthalpy of
Er2O3 formation (~ −1900 kJ/mol) is considerably lower than that of
SiO2 (~ −900 kJ/mol) and that of Erbium silicides (~ −60 kJ/mol)
[27], the formation of Er2O3 is more favorable in the co-implanted Si/
Er SiO2 system. According to the EreSi phase diagram [28], Er silicide
precipitates can form at ~1210 °C. Hence, the formation of EreO
chemical bonds is strongly promoted in samples annealed at 1000 °C
and 1100 °C, and the dark Erbium amorphous nanoclusters observed in
Fig. 3 are most likely oxidized. Such oxidation can occur to the
detriment of the Si-bond restoration inside the SiO2 layer, where a
number of broken chemical bonds have been generated during the

successive implantation of Si and Er ions [22].
HRTEM images (Fig. 4a–b) reveal the presence of stacking faults

and twin boundaries inside large Si-ncs synthesized at 1200 °C. This
structural defect may result from the coalescence of small Si-ncs into
larger ones [17,23]. In addition, a new chemical phase (only observed
at 1200 °C) was found for the nanoparticle shown in Fig. 4c–d. The
inter-planar distance of its atomic structure is 0.325 ± 0.001 nm,
which corresponds to the {1 1−00} inter-planar distance of hexagonal
ErSi2 [29]. Statistical analysis shows that there are approximately five
times more Er2O3 nanoparticles than ErSi2 nanoparticles. This demon-
strates, in addition to the nucleation of pure Si-ncs, the possible
formation of erbium silicide nanocrystals above 1100 °C. To test this
hypothesis, EDS line scans were carried out through two different
nanoparticles synthesized at 1200 °C.

An example of EDS line scan (Fig. 5a) shows that while the
concentration of Si remains unchanged inside this nanoparticle, the
concentrations of Er and O increase and decrease, respectively. Such
features are consistent with the EDS signature of an Er-rich Si-nc, where
the detected oxygen atoms mainly originate from the fused silica
surroundings. On the other hand, the EDS measurements shown on
Fig. 5b are compatible with a line scan of one Si-nc embedded within
SiO2, free of Er, where the intensity peak signals of Si and O increase
and decrease, correspondingly [22].

Fig. 1. BF TEM images of samples annealed at 1000 °C (a), 1100 °C (b) and 1200 °C (c); with their corresponding HAADF TEM images (d), (e) and (f).

Fig. 2. Nanoparticle size-distribution of samples annealed at 1000 °C (a), 1100 °C (b) and 1200 °C (c).

Fig. 3. HRTEM images of samples annealed at 1000 °C (a), 1100 °C (b) and 1200 °C (c), obtained at magnifications of ×600,000, ×600,000 and ×400,000, respectively.
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3.2. Photoluminescence measurements

The PL spectra of Er and Si/Er implanted samples annealed at 1000,
1100 and 1200 °C are shown in Fig. 6. No signal was detected in
materials implanted exclusively with Er and annealed at 1100 °C and
1200 °C (not shown). The NIR (Fig. 6a) and VIS (Fig. 6b) emissions are
associated with the Er3+-4f: 4I13/2 → 4I15/2 optical transition and the Si-
nc PL, respectively [22].

In agreement with other studies on Si/Er hybrid systems [30–32],
the presence of Si-ncs was found to improve the Er PL-emission around
1.54 μm. By comparing the NIR (Fig. 6a) and VIS (Fig. 6b) signals, a
maximum Er PL-emission may be observed when the Si-nc PL-emission
is the highest. This feature results from the occurrence of an effective
transfer mechanism between the photocarriers generated by laser
excitation in Si-ncs towards the NIR emitting levels of Er [33].

Fig. 6 also demonstrates that the intensity of all recorded PL signals
decreases as the annealing temperature increases. The drastic reduction

of the PL peaks reported in the sample annealed at 1200 °C (Fig. 6a) has
two origins: the formation of non-luminescent ErSi2 (whose synthesis
was evidenced in Fig. 4c–d) and the formation of large silicon
nanoaggregates (in Fig. 4a–b). The latter observation is also consistent
with the redshift of the PL peaks observed in Fig. 6b, which indicates
the nucleation of large Si-ncs at higher synthesis temperatures. These
clusters are made of several nanocrystallites with different atom
orientations. The presence of multiple structural defects within the
clusters induces strong optical absorption and/or non-radiative transi-
tions [23].

Irradiation experiments were conducted on Si/Er co-implanted
samples annealed at 1100 °C. The corresponding NIR PL spectra upon
proton fluence are shown in Fig. 7a. A proton bombardment at a fluence
of 1 × 1012 H+/cm2 was also conducted on the sample annealed at
1000 °C, which contains only Er-nps. After irradiation, the weak PL-
signal reported for this sample at the bottom of Fig. 6a becomes
undetectable (not shown). For samples prepared at 1100 °C, a contin-
uous decrease of the 1.54 μm peak is reported as a function of the
irradiation dose, up to 60.4 Gy, which is calculated for a proton fluence
of 1.0 × 1014 H+/cm2 using Eq. (1). Proton fluences of 5 × 1011,
1 × 1012, 5 × 1012, 1 × 1013, 5 × 1013, 6 × 1013, 1 × 1014 H+/cm2

correspond to irradiation conditions at GSO/LEO during ~100 days,
200 days, 3 years, 5 years, 27 years, 32 years and 55 years, respectively
[9,10]. In Fig. 7b, the normalized spectral intensity of each measured
PL peak, integrated between 1480 and 1600 nm after subtracting the
optical background contribution (red solid dots), is reported as a
function of proton irradiation. Since the average penetration depth of
10 keV protons into SiO2 is around 150 nm [20], most of the impinging
protons have entirely crossed the layer where Si-nc and Er-np have
grown (the thickness measured for the implanted sublayer is around
100 nm in Fig. 1).

Hence, the reported decrease in PL emission can be directly related
to the damage generated by impinging protons, responsible for the
formation of color centers that generate optical absorptions [7,34].
Typically, for Er light emission, the effect of ion bombardment or
radiation exposure on PL signals should result in a single exponential
decay function decreasing down to zero [35]. As evidenced in Fig. 7b,
the variation in the measured PL intensities (red solid dots) does not
follow this relationship. Instead, a fast reduction of the PL emission for
low irradiation doses (D < 100 mGy) up to half the value of the non-
irradiated erbium emission is observed, followed by a weak quasi-linear
and continuous decrease.

The expected changes in PL intensity can be estimated on the basis
of the data collected for the VIS PL signals of Si-ncs exposed to an 18 kV
proton beam [35]. This extrapolation was performed with a mass

Fig. 4. (a) and (c) HRTEM images of samples annealed at 1200 °C; (b) and (d) zoomed
images at a magnification of ×500,000, corresponding to rectangular regions of images
(a) and (c), respectively.

Fig. 5. EDS line-scan of bright (a) and dark (b) nanoparticles synthesized at 1200 °C, showing the neighboring formation of Er-rich Si-nc (a) and pure Si-nc (b).
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stopping power dE/dx= 0.37 MeV/(mg/cm2), calculated for protons
accelerated at 18 kV (instead of 0.28 MeV/(mg/cm2) for 10 keV protons
in this work) [35], using TRIM simulations [20]. The resulting curve
(marked by black squares) indicates that ~90% of the PL signal should
be lost after 2.5 Gy, while more than ~30% of the nominal Er emission
is still detected (red circles). This shows that the PL-emission of erbium
survives to radiation effects for longer times in Er-np/Si-nc systems.

3.3. Phenomenological analysis

Assuming that the number of emitting centers decreases according
to a geometric sequence under constant particle flux bombardment, the
PL-signal decay should follow a simple exponential decay function upon
irradiation. Such a trend is also the one observed for the degradation of
optical properties in many systems exposed to damaging radiations,
such as photovoltaics cells [36] or light emitting diodes [37]. The
model described and discussed below brings a new mathematical
understanding to the data trend observed in Fig. 7b, to show that the
PL intensity measured in Er-np/Si-nc systems does not follow the trend
expected for a progressive destruction of emitting centers upon
irradiation [35].

The intensity of the Er3+ NIR PL emission in SiO2, I, can be
expressed as:

I τ N α= (1 − )PL ph
Er (3)

where τPL refers to the erbium PL emission rate around 1.54 μm, Nph
Er to

the number of Er3+:4f photocarriers, and α to the fraction of PL-power
absorbed by the damaged SiO2 upper layer, which is crossed by every
collected NIR photon. After exposure to a proton irradiation dose, D,
this optical absorption should be proportional to the density of color

centers, assuming that the effect of OH on the upper SiO2 matrix
transparency can be neglected for low proton fluences [14]. The
concentration of optical absorption centers is correlated with the
concentration of recoiled target atoms, resulting from proton-matter
interaction, as follows [20,38]:

α a n
n

D= rec.
(4)

where a is a dimensionless fitting parameter, related to the
formation rate of color centers per recoiled atom and unit irradiation
dose, nrec is the density of the target atoms displaced by impinging
protons, and n is the target atom density (5 × 1022 at/cm3).

Using the SRIM-TRIM code [20], at depths between 20 and 80 nm,
where most of Si and Er nanoclusters are formed (Fig. 1b), each incident
proton moves on average 1.65 × 105 atoms along its path within the
SiO2 target. Since the volume of Erbium nanoclusters represents less
than a few percent of the target volume, the damage generated inside
Er-nps is negligible with respect to the damage generated by impinging
protons into the host matrix. Thus, it can be postulated that the number
of photocarriers generated inside emitting centers (relating to NPh) and
τPL remains constant during and after proton bombardment, so that the
Er PL signal given in Eq. (3) should follow a single exponential decay
function: I(D)∝exp(−D/Δ1).

The plot (marked by dashed black lines) in Fig. 7b, showing the
relative PL variations calculated for a~ 1/3, supports the above
mentioned mathematical trend as an accurate reproduction of the
decrease in PL intensity upon proton beam exposure for irradiated Si-
ncs [35]. The value of 1/3 is consistent with the fact that 3 target atoms
must be displaced to move each SiO2 molecule, which is a prerequisite
to induce a color center. From this coefficient, the calculated decay

Fig. 6. PL spectra of the NIR Er emission (a) and the VIS Si emission (b).

Fig. 7. Evolution of the NIR PL spectral emission of Er/Si hybrid systems synthesized at 1100 °C under proton irradiation (a), with the dose-dependence of their corresponding integrated
signal (red solid circles) and the decay of PL power expected in single systems (black open squares) (b). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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constant, Δ1, related to the evolution of the PL signal transmitted
through the damaged SiO2 layer is ~1.10 ± 0.05 Gy. Hence, in the
absence of any charge or photocarrier transfer mechanism between
emitting centers and their surroundings, this value should roughly
correspond to the one of pure Er-nps embedded in SiO2, whose weak PL
signals (Fig. 6a) become undetectable after proton irradiation experi-
ments.

In Er-np/Si-nc systems, where the amount of Er3+:4f photocarriers
can be improved by the occurrence of a transfer mechanism between Si-
ncs and Er-np [33], the number of Er3+:4f photocarriers after irradia-
tion, Nph(D), can be expressed as a sum of two contributions:

N D N N D( ) = + ( )ph ph
Er

ph
trans (5)

where Nph
Er is constant over irradiation and related to photocarriers

created by optical absorption inside Er-nps, and Nph
trans(D) is the

number of photocarriers generated in Si-ncs that are transferred to
the NIR emitting levels of Er. Lastly, substituting Nph

Er by Nph(D) in Eq.
(3), the relative variation of the PL signal upon proton beam exposure
can be expressed as:

I D
I

β D e( ) ∝ [1 + ( )] ,D Δ

0

− 1
(6)

where I0 is the PL intensity before irradiation and β refers to the
effective average transfer rate of photocarriers between Si-ncs and Er-
nps. By taking: β∝exp(D/Δ1

′), with Δ1
′ ~ 1.0 Gy, the resulting curve

reported in Fig. 7b (marked in red and superimposed to red solid
circles) offers a satisfactory description of the PL-signal evolution
observed in irradiated Si-nc/Er-np systems. For these samples, the data
obey a two exponential decay fit that can describe the evolution of the
PL measurements upon irradiation only under condition Δ1

′ < Δ1. This
suggests that the slower decrease of the Er signal in Er/Si hybrid
systems could be explained by a greater amount of transferred photo-
carriers from Si-ncs towards Er following each proton irradiation. Such
condition is consistent with the promotion of charge transfer mechan-
isms in damaged SiO2 [35], where recoiled atoms create new electron
states responsible for strong conductivity variations. Hence, due to the
presence of Si-ncs, the proton-induced optical losses are compensated
by a more efficient optical pumping of the NIR Er emitting centers that
makes them more resistant to radiation damage effects.

Such a transfer mechanism of photo-carriers towards the emitting

Er3+:4f levels has been suggested by Tortech et al. [39], who related
the increase of luminescence intensity reported in irradiated Er-doped
optical fibers to the generation of Non-Bridging Oxygen Hole Centers
(NBOHC) in the bombarded silica glass. To evaluate and compare the
role of NBOHC and Si-nc in our samples, we measured the optical
absorbance of pristine fused silica and fused silica substrates containing
Si-ncs, before and after 10 keV proton bombardment at 1014 H+/cm2.

Fig. 8 shows that the changes in optical absorption due to the
presence of Si-ncs are more important that those induced by proton
bombardment effects. An increase by one order of magnitude is
reported for the absorbance measured around 405 nm in Si-nc-based
samples, with respect to the absorbance measured in pure fused silica.
This suggests that the presence of Si-ncs can significantly improve the
efficiency of the laser optical pumping. In fused silica samples free of Si-
nc, while the increase in optical absorption at the laser excitation
wavelength is marginal after irradiation (< 10%, inset of Fig. 8), such
an increase is> 50% in the NIR spectra range (2nd inset on Fig. 8).
Such a feature means that even if the laser pumping efficiency increases
after proton irradiation due to the possible creation of NBOHC or other
oxygen defects by impinging protons [39], this improvement in photo-
carrier generation is lower than the increase of optical losses in the NIR
spectral range. Hence, in the absence of Si-ncs, the Er PL-signal around
1.53 μm should decrease upon proton irradiation, as observed for Er-
nps synthesized at 1000 °C in pure fused silica (Fig. 6a). In samples
where Si-nc has been produced, the greater impact of proton damaging
effects on optical absorbance variations reported on Fig. 8 (green and
blue lines) may result from a local increase of the stopping power in the
Si-nc sublayer of greater mass density. For these materials, although the
optical losses due to proton bombardment increase around 1.54 μm, the
optical absorbance is still lower in the NIR range than in the UV-VIS
range. This makes thus possible the scenario proposed in our phenom-
enological approach, where optical losses generated by protons in NIR
can be compensated by a greater generation of photo-carriers, which
are transferred from Si-nc towards the Er3+: 4f emitting levels [33].
Even if the spectra reported in Fig. 8 do not exclude a possible
contribution of oxygen-related defects to the improvement of Er NIR
PL-emission, they show qualitatively that such a process plays a
secondary role in the studied systems.

4. Conclusions and perspectives

In conclusion, Er/Si nanoclusters synthesized in co-implanted fused
silica after thermal annealing between 1000 °C and 1200 °C, have been
studied by TEM and EDS analysis. HRTEM images showed that the
diameter of the formed nanoclusters increases with temperature. At
1000 °C and 1100 °C, Si and Er were found to nucleate separately,
leading to stronger photoemission signals in both visible and NIR
spectral ranges. At 1200 °C we observed nanoscale aggregates that are
less optically active, due to the formation of ErSi2 nanoclusters in
localized sample regions. PL measurements of the samples exposed to
proton irradiation doses equivalent to those received for> 50 years at
LEO demonstrate that the intensity of the NIR Er emission around
1.54 μm decreases by only ~75% with respect to its nominal emission.
This observation is consistent with the fact that in hybrid Er-np/Si-nc
systems, the decrease of the Er3+: 4f PL signal under proton beam does
not obey a single exponential decay function upon irradiation dose, as
observed for the Si-nc PL emission.

Using a phenomenological model supported by SRIM-TRIM calcula-
tions, we showed that the longer longevity of the NIR Er emission in Si-
nc/Er-np samples could result from a continuous increase of the
photocarrier transfer between Si-nc and Er-np. This mechanism com-
pensates for the optical losses generated in the fused silica matrix and
related to structural damaging effects induced by impinging protons.
Overall, the results presented herein suggest new approaches for
designing advanced Er-based components with superior performance.
The integration of Si-nc inside the silica glass used for the manufactur-

Fig. 8. Absorbance spectra measured before and after proton irradiation in pristine fused
silica and fused silica where Si-ncs have been produced by 50 keV Si+ implanted at a
fluence of 2.1017 Si+/cm2. The insets show the variations of absorbance around the laser
wavelength excitation (405 nm) and around 1.54 μm (between 1510 and 1580 nm). (For
interpretation of the references to color in this figure, the reader is referred to the web
version of this article.)
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ing of innovative Er-doped NIR light sources is suitable for outer space
implementation, notably because both the more intense emission and
the improved longevity to cosmic radiation of these systems can double
or even triple their operating time.
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