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Abstract Rare earths (REs) incorporated in glasses, mostly in the form of RE3+ ions, have several applications such as lasers and
optical amplifiers, spectral conversion layers for solar cells, light emitters and sensors. In this context, both the composition and the
structural properties of the glass, as well as the dopant concentration play an important role in determining the optical properties
and the efficiency of the system. Usually, the concentration of REs is small, below 1 at%, to avoid clustering and optical quenching.
In this paper, we report the case of sol–gel Eu-doped silica–soda glass films. The addition of soda to silica can reduce RE clustering
and precipitation, according to molecular dynamic simulations, but brings structural instabilities to the network. Here, sodium was
varied from 10 to 30 at% and Eu from 0 to 8 at%. It was shown that Eu plays a significant role in the stabilization of the matrix,
improving the transparency, the refractive index and the thickness of the films. The increase of Eu concentration provides a decrease
of site symmetry and an increase of quantum efficiency (QY), reaching 71% for the highest 8 at% Eu doping, with remarkable
absence of concentration quenching.

1 Introduction

Rare-earth ions (RE3+) incorporated in glasses have several applications in optics and photonics. They are used in lasers and optical
amplifiers [1, 2], spectral conversion layers for solar cells [3–8], as emitters in solid-state lighting [9] and sensors [10]. Sol–gel films
are particularly interesting for these applications because of their versatility and high optical quality. They can be easily deposited as
coatings for spectral conversion and they offer the possibility to realize optical waveguides for photonics. The peculiar properties of
RE3+ ions are related to a wide range of electronic transitions within the 4f orbitals, characterized by narrow absorption and emission
wavelengths from the UV to the infrared, possibility of multi-photon absorption and emission resulting in up-conversion and down-
conversion processes, long luminescence lifetimes [11]. The glassy matrix provides a versatile environment for incorporating RE3+

ions, due to the workability of this material and the possibility of fine tuning its composition. The final optical properties depend on
the concentration of the dopants as well as on the chemical environment of the host material. Silica as single-oxide glass is known
to be one of the worst host materials for REs since the network structure fails to accommodate a great number of RE atoms without
clustering. This was firstly reported for neodymium [12] and then for erbium [13], demonstrating that other elements such as Na,
Al and P should be included in the glass composition to facilitate RE incorporation minimizing RE aggregation by tailoring the
chemical, elastic, mechanical and viscous properties [14, 15]. Based on these observations, structural studies of the local environment
around RE ions [16, 17] suggested a model in which co-dopants form a solvation shell around the RE ions that is able to dissolve and
disperse them homogeneously in the glass matrix while providing well coordination ligands. Indeed, molecular dynamic simulations
previously done on Er-doped glasses allowed to understand the role of sodium and aluminum in their accommodation and dispersion.
Therefore, we focused on silica–soda for the better capacity of dispersing RE elements. Europium was selected as dopant both for
its capability to stabilize the network instabilities of these glasses and for its characteristic optical emissions due to 5D0 → 7FJ (J �
0–6) transitions. Unlike other RE3+ ions, Eu3+ luminescence is sensitive to the local environment around it and can be used as a local
probe [18–22], providing information about the site symmetry around it. Moreover, Eu3+ radiative lifetime can be calculated by the

a e-mail: francesco.enrichi@univr.it (corresponding author)

0123456789().: V,-vol 123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjp/s13360-024-05151-w&domain=pdf
http://orcid.org/0000-0002-3443-3707
mailto:francesco.enrichi@univr.it


  346 Page 2 of 10 Eur. Phys. J. Plus         (2024) 139:346 

Fig. 1 Simulated distribution of
distances between Er atoms
(0.9 mol% of Er2O3) in different
matrices: SiO2 (Silica),
SiO2/Na2O (HNBO),
SiO2/Al2O3/Na2O (LNBO). A
random distribution is also
reported for comparison.
(Reproduced from [25])

PL emission spectral shape without the need for absorption analysis, and therefore, the quantum efficiency can be straightforwardly
obtained by rating the measured lifetime to the radiative one [23, 24]. These features make Eu3+ a unique tool for the study and
optimization of the whole system. Na and Eu concentrations were both varied to deeper understand the interrelations between the
structural and the optical properties of the glassy material.

2 Local structure of RE3+ ions in multicomponent glasses

It is worth recalling previous results on the role of sodium and aluminum within the silica glass network in relation to the clustering
and precipitation of rare earth elements. To better understand the impact of the glass composition on the REs distance distribution,
molecular dynamics was used with a model of 5128 atoms [25]. Three representative glass compositions were investigated: silica
(SiO2) (S), alkali silicates (SiO2–Na2O) (HNBO) and aluminosilicates (SiO2–Al2O3–Na2O) (LNBO). The glasses are different by
the number (H � high; L � low) of non-bridging oxygens (NBO) and their structure at NBO constant. The RE oxide concentration
was 0.9 mol% which corresponds, depending on the glass density, to 4÷6×1020 ions/cm3. Although those simulations were
performed on Er3+ ions, the same results can be transferred to other rare earth atoms due to their similar chemical properties.

In Fig. 1, the distributions of minimum distance between Er atoms in the three hosts are shown. A random distribution of erbium
atoms at the same concentration is also reported for comparison. At this Er concentration, the average distance between erbium
atoms in a random system is around 7 nm. In silica, the distribution is split in two with more than 47% of erbium being clustered (the
cluster average distance is 4 nm). Adding alkali (Na) to silica significantly drops the cluster peak at 4 nm and the erbium distribution
looks like a random one (HNBO curve). This can be explained by the fact that alkali break the network by creating NBO which can
easily accommodate the erbium ions [13, 16, 17]. If now we add alumina to the previous glass such as Al/Na � 1 (LNBO curve) we
are in a situation quite similar to silica in terms of NBO since at that ratio NBO � 0. However, due to structural differences (presence
of alumina) the clustering is certainly higher than the HNBO glass but lower than the silica one. Silica therefore is the worst host
for accommodating high erbium concentrations without clustering, HNBO are the best and LNBO are intermediate. These results
agree with studies on europium in silica and sodium silicate glasses [26]. That is why we focused our research on a silica–soda
HNBO system.

3 Theoretical overview of Eu3+ spectral properties

The spectra of RE3+ ions correspond to intra-4f orbital transitions, having mainly electric dipole character. For a free ion, electric
dipole transitions between states of the same configuration are parity forbidden. In solids or solutions, the occurrence of non-centro-
symmetric interactions with the surrounding atoms leads to a mixing of states of opposite parity. This mixing may result from several
distinct mechanisms, one of the majors being the coupling of states of opposite parity by way of the odd terms in the crystal field
expansion [21]. The radiative transitions from an excited state to lower lying states give rise to several lines in the emission spectrum,
whose intensities are related to the spontaneous emission probability, therefore to the dipole strength of the specific transition. In
the trivalent RE ions, the transitions of interest consist mainly of weak magnetic dipole (MD) and induced electric dipole (ED)
transitions. The intensities of the MD transitions are not influenced by the chemical environment of the ion, whereas those of the
ED transitions are quite sensitive to it.
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In 1962, Judd [27] and Ofelt [28] independently developed a model for the calculation of the oscillator strengths of lanthanide
electric dipole f–f transitions. Judd–Ofelt theory has been very successful in understanding and predicting the spectral intensities,
especially for ions in inorganic glasses and crystals.

The red luminescence of Eu3+ is a result of the transitions from its 5D0 state to the lower lying 7FJ levels (J � 0–6). The
transitions from 5D0 to 7F0,3,5 are forbidden both in magnetic and induced electric dipole schemes. The transition to 7F1 is the only
magnetic dipole contribution. Magnetic dipole transitions in lanthanide ions are practically independent of the ion’s surroundings
and can be well calculated by theory. The remaining transitions to 7F2,4,6 are purely of induced electric dipole nature. According to
the Judd–Ofelt theory, the strength of all induced dipole transitions (absorption and emission) of a lanthanide ion in a certain matrix
can be calculated on the basis of only three parameters which are usually determined experimentally.

Transitions arising from the 5D0 level of the Eu3+ electronic configuration are easily assigned by the theory. The first important
observation concerns the relative transition intensities between the electric dipolar 5D0 → 7F2 (about 610 nm) and the magnetic
dipolar 5D0 → 7F1 (about 590 nm) transitions:

R � I
(

5D0 → 7F2
)

I
(

5D0 → 7F1
) (1)

The higher this ratio, the lower the local symmetry around Eu3+ is with respect to an inversion center, since a high local symmetry
strongly reduces the electric dipolar emission without affecting the magnetic dipolar one, and vice versa.

Another unique property related to the internal 4f transitions of Eu3+ ions as depicted by the Judd–Ofelt analysis is that the intensity
of the 5D0 → 7F1 transition, being magnetic dipolar in character and therefore insensitive to change in the Eu3+ surroundings, may
be taken as a reference, with a radiative rate of 50 s−1. All the other observed transitions arising from the 5D0 level have an electric
dipolar character. Therefore, assuming the occurrence of only radiative and non-radiative processes in the depopulation of the 5D0

excited level, from these two intensity ratios the 5D0 radiative lifetime can be evaluated. From a practical point of view, the radiative
lifetime (τRAD) can be calculated by the following equation:

(
1

τRAD

)

Eu
� 14.65n3 I (5D0 → 7FJ )

I (5D0 → 7F1)
, (2)

where n is the refractive index, I(5D0 → 7FJ ) / I(5D0 → 7F1) is the ratio between the total integrated emission from the Eu 5D0 level
to the 7FJ manifold (J � 0–6) and the integrated intensity of the transition 5D0 → 7F1 [23, 24].

Therefore, by comparing the experimental lifetime τEXP with the radiative lifetime calculated from the luminescence emission
spectra τRAD it is possible to give an evaluation of the quantum efficiency QY of the emitting Eu3+ ions:

QY � τEXP

τRAD
(3)

Both the symmetry and the quantum efficiency of Eu3+-doped silicates provides fundamental information for the development
of the best optical emitting material. However, limited studies are available in the literature and the issue will be systematically
investigated here.

4 Experimental

Eu3+-doped silica–soda glasses were synthesized by a sol–gel procedure. Tetraethyl orthosilicate Si(OC2H5)4 (TEOS) [Sigma-
Aldrich] and Na(CH3COO) (NaAc) [Sigma-Aldrich] were used as precursors for silica and soda, respectively. Eu3+ doping was
obtained by adding proper concentrations of the nitrate hydrate Eu(NO3)3 · 5H2O [Sigma-Aldrich]. TEOS was dissolved in ethanol
(EtOH) and hydrolyzed with H2O and HCl (TEOS:HCl:H2O:EtOH � 1:0.01:2:40). NaAc and Eu(NO3)3 were dissolved in 1 ml of
methanol and ethanol, respectively. These solutions were added to the previous solution and left stirring overnight. The quantities
of Eu in different samples ranged from 0 to 8 at%, keeping 20 at% Na. The amount of Na was also changed from 10 to 30 at%,
keeping 5 at% Eu. Multilayer films (10 layers) were deposited on fused silica substrates by dipping in dry atmosphere (humidity
below 20%). Each layer was annealed in air at 800 °C for 10 min. A final heat treatment in air at 800 °C for 1 h was performed after
the deposition of the last layer.

Compositional, morphological, structural and optical characterization of the films were obtained by Rutherford Backscattering
Spectrometry (RBS), ellipsometry, UV–Vis spectroscopy and photoluminescence spectroscopy (PL).

RBS was carried out by using a 2.2 MeV 4He+ beam at 160° backscattering angle in IBM geometry. RUMP code was used for
the analysis of the experimental spectra [29]. The conversion from areal density (the natural unit of measurement for RBS) to film
thickness is based on a film density of 2.65 g cm−3, a typical value for a soda–lime silicate glass.

Ellipsometry quantities Ψ and Δ were measured using a J.A. Woollam V-VASE Spectroscopic Ellipsometer in vertical config-
uration, at three different angles of incidence (50°, 60°, 70°) in the wavelength range 300–1000 nm. The refractive index n and
extinction coefficient k were evaluated from Ψ , Δ and using WVASE32 ellipsometry data analysis software considering a Cauchy
dispersion model.
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Fig. 2 Optical image under visible
light of the Na series with 5 at%
Eu (a) and Eu series with 20 at%
Na (b). Increasing the amount of
Na, as well as decreasing the
amount of Eu, brings a milky
appearance with worsening of the
transparency. A transparent
sample is obtained above 5 at%
Eu, when Na is below 20 at%.
This is further attested by UV–Vis
absorption spectra, reported in
(c) and (d) for Na series and Eu
series, respectively. Interference
fringes indicate a good
transparency of the films, while
for Na above 20 at% and Eu below
5 at% the wavelength dependence
follows the typical Mie scattering
for inhomogeneities size d > >λ

Absorbance spectra were obtained in transmission with a Cary 5000 UV–Vis-NIR spectrophotometer (Agilent Technologies)
between 300 and 800 nm.

Photoluminescence excitation (PLE) and emission (PL) spectra were collected by an Edinburgh Instruments FLS980 Photo-
luminescence Spectrometer. A continuous-wave xenon lamp was employed as excitation source for steady-state measurements;
for wavelength selection, it was coupled to a double-grating monochromator. Time-resolved measurements were obtained in multi-
channel scaling (MCS) mode, exciting the sample with a pulsed xenon flash lamp with pulse duration of 1 μs and repetition frequency
of 10 Hz. The emitted light from the sample was collected by a double-grating monochromator and recorded by a PMT R928P
photomultiplier tube cooled at − 20 °C (for measurements in the UV region up to 800 nm).

5 Results and discussion

Different silica–soda samples were prepared by varying both Na content from 10 to 30 at% (Eu fixed at 5 at%) and Eu amount from
0 to 8 at% (Na fixed at 20 at%) with respect to Si.

In Fig. 2a, the optical images under visible light are reported for Na series. Increasing the amount of Na brings a worsening of
the transparency, clearly shown by the lamp reflections on the samples. A similar comparison is shown in Fig. 2b for Eu series.
Eu content has a major impact on the final characteristics of the deposited films. The transparency of the films before exchange is
significantly improved by increasing Eu, in particular for 5 and 8 at%, as shown by the lamp reflections. Before discussing a detailed
explanation of this behavior, it is worth presenting the experimental results of UV–Vis, ellipsometry and RBS.

Indeed, these qualitative observations are confirmed by UV–Vis absorption, reported in Fig. 2c and d for Na and Eu series,
respectively. The transparent samples exhibit typical interference fringes characterized by intensity oscillations. The highest optical
quality is obtained for Na20Eu8 sample. With increase in Na content or decrease in Eu content, the samples assume a milky aspect,
and the absorption spectra change to the typical Mie scattering dispersion curve, indicating in homogeneities and defects in the
network with size d > >λ. To further support this point, the scattering curves were fitted by the following equation:

Abs(λ) � A +
B

λC
(4)

whereA accounts for the baseline due to surface reflection,B is a normalizing parameter, andC is the scattering exponent of the curve.
Rayleigh scattering, due to particles with size d < <λ is known to have an exponentC � 4. For Mie scattering, the curve is much flatter,
as described in many theoretical and experimental studies [30–32]. Values in our samples obtained by a Levenberg–Marquardt fitting
procedure were the following: Na30Eu5 (2.16±0.02), Na20Eu0 (0.96±0.01), Na20Eu1 (0.82±0.02), Na20Eu2 (1.99±0.03). It
should be noted that values around 1 were observed for the most scattering samples Na20Eu0 and Na20Eu1, while values around
2 were observed for samples Na30Eu5 and Na20Eu2. The different exponent values can be reasonably attributed to the different
size distribution of the scattering elements. Indeed, Rayleigh and Mie scattering occur simultaneously in the medium depending on
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Table 1 Ellipsometry analysis on selected transparent samples

Sample Thickness D (nm)* Refractive index
n @ 600 nm

Extinction coefficient
k @ 600 nm

Na10Eu5 360 (320) 1.489 0.0305

Na20Eu5 370 (315) 1.496 0.0315

Na20Eu8 540 (415) 1.512 0.0161

The thickness, the index of refraction and the extinction coefficient are reported. Relative uncertainty for thickness is about few %, for the other two physical
quantities is less than 1%
*In brackets, thickness values from RBS are observed. Uncertainty is about 5 nm

the size of the scatterers. When the size decreases, the film is more transparent and we can expect a higher scattering exponent as
observed in our samples.

Ellipsometry analysis was performed on selected transparent samples to get information about the thickness of the films and the
optical index of refraction and extinction. The data, reported in Table 1, show a major role of Eu doping in increasing the thickness
and refractive index of the samples. A thickness comparison among the samples has been performed also by RBS analysis and
will be discussed later. The increase in refractive index is commonly observed in amorphous glasses when RE3+ ions are added
to the composition [33, 34]. Finally, the extinction coefficients are in perfect agreement with the previous UV–Vis absorption
measurements.

An extended RBS analysis was done on all the samples aiming at studying the in-depth composition of the films, doping
concentration and thickness. The experimental results confirmed that the average compositions agree with the nominal values of
Si, Eu and Na. The difference between ellipsometric and RBS thickness determinations reported in Tab. 1 may be related to the
assumption (for RBS) of a bulk soda–lime glass density for the deposited film; actually, our silica–soda sol–gel films have certainly
a smaller density (depending on the degree of condensation of the sol–gel process), thus justifying the systematic underestimation
of the film thickness by RBS. If we start by the ellipsometric thickness evaluation and we use RBS data to estimate the film density,
we obtain 2.35, 2.25 and 2.05 g cm−3 for Na10Eu5, Na20Eu5 and Na20Eu8 film, respectively (uncertainty around 0.05 g cm−3).

It is worth observing that elemental diffusion was seen in samples with high Na concentration or low Eu concentration. The
effect of Na in glasses and its self-diffusion is well known in the literature. Studies on binary silica–soda glasses showed that the
introduction of Na2O leads to the breaking of the Si–O–Si bonds and the weakening of the silicon–oxygen network. As a result, to
a first approximation, the diffusion coefficient increases exponentially with an increase in the concentration of the alkali oxide [35,
36]. This factor can explain the observed migration of the dopants toward the surface in silica–soda glasses during the multilayer
deposition process. However, the opposite trend occurs when increasing Eu concentration from 0 to 8 at%, providing a transparent
and flat surface above 5 at%. Increasing Eu reduces or stops diffusion, as observed by a uniform distribution of the dopants. This
behavior can be explained by looking at molecular dynamic simulations on RE-doped silica and silica–soda glasses, as discussed
earlier, which provides detailed investigation of the surrounding environment for the rare earth ion [25, 26]. It was found that RE
ions have different coordination numbers in the two glasses. Due to the driving force to satisfy the coordination requirements of
non-bridging oxygen to balance the charge, RE ions tend to segregate to form clusters in pure silica, so they can share non-bridging
oxygen ions. Instead, in silica–soda glasses there are abundant non-bridging oxygen ions to be charge balanced by Eu3+. Because
these NBOs provide an easier way to satisfy the coordination requirements of Eu ions, they do not need to form clusters and they act
as stabilizers for the network structure. It is worth noting that the increasing loss of transparency matches with the well-known phase
separation process occurring for composition between 10÷30 at% of Na (5÷15 mol% Na2O) at about 800 °C [37] or during the
consolidation process of the sol–gel [38]. Conversely, the introduction of a charge balancer (Eu3+) reduces this effect suppressing
unwished light scattering and discontinuities in the refractive index.

The results for film thicknesses obtained by RBS, anticipated in Table 1 for a few selected samples, are reported in Table 2.
The thickness was evaluated by looking at Eu profile; therefore, it was not possible to obtain a reliable value for the lower doped
samples. As already discussed, the comparison with ellipsometry denotes a systematic thickness underestimation by RBS, which
can be attributed to the assumption of a dense soda–lime film.

In agreement with ellipsometry, the thickness of the films was found to increase with Eu doping concentration. To understand
the relation between Eu concentration and film thickness, we need to point the attention on the sol–gel process, where the precursor
for Eu is europium nitrate pentahydrate. Increasing the concentration of europium provides higher amounts of nitrate, which lowers
the pH of the solution, making it more acidic. Indeed, it dissociates in water releasing (Eu3+) and nitrate ions (NO3

−). The nitrate
ions hydrolyze in water in nitric acid (HNO3) and hydroxide ions (OH−). The hydroxide ions then react with the metal alkoxide
precursor to initiate the sol–gel reaction, while the nitric acid increases the acidity of the sol, lowering its pH. As a result, in the
sol–gel process, hydrolysis becomes more dominant than condensation. The lower level of condensation results in a more porous
gel network, and the different composition modifies the viscosity of the solution. Moreover, RE ions with a relatively large radius,
ranging from 0.868 to 1.36 Å, induce larger spacing and lattice parameters in the final network. This interplay between the viscosity
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Table 2 Film thicknesses
evaluated by RBS analysis.
Uncertainty is about 5 nm

Sample Thickness D (nm)

Na series Na10Eu5 320

Na20Eu5 315

Na30Eu5 350

Eu series Na20Eu0 Not measurable

Na20Eu1 Not measurable

Na20Eu2 190

Na20Eu5 315

Na20Eu8 415

Tab 3 Photoluminescence data reporting the integrated intensity IPL, the normalized integrated intensity IPL/Eu, the measured PL decay lifetime τEXP , the
symmetry factor R, the radiative lifetime τRAD and the quantum efficiency QY � τEXP/τRAD. Relative uncertainty of the data is below 5%

Na series
Sample Int. PL ex. 393 nm

(arb. units)
IPL/Eu ex. 393 nm Lifetime τEXP (ms) Symmetry R-factor Radiative lifetime

τRAD (ms)
Quantum efficiency
QY (%)

Na10Eu5 96 19 1.71 3.4 3.37 51

Na20Eu5 115 23 2.09 3.7 3.28 64

Na30Eu5 122 24 2.29 3.6 3.47 66

Eu series
Sample Int. PL ex. 393 nm

(arb. units)
IPL/Eu ex. 393 nm Lifetime τEXP (ms) Symmetry R-factor Radiative lifetime

τRAD (ms)
Quantum efficiency
QY (%)

Na20Eu1 22 22 1.70 2.2 3.38 50

Na20Eu2 33 17 2.01 2.6 3.50 57

Na20Eu5 115 23 2.09 3.7 3.28 64

Na20Eu8 261 33 2.16 4.2 3.07 71

of the solution, the increase in porosity and the incorporation of larger dopants results in thicker films at higher Eu concentrations,
as observed by other authors too [39].

Photoluminescence characterizations are reported in Fig. 3 for Na series (left) and Eu series (right) samples, while Table 3
contains the main optical data obtained from them: the integrated intensity, the normalized integrated intensity, the measured PL
decay lifetime τEXP, the symmetry factorR, the radiative lifetime τRAD and the quantum efficiencyQY . Photoluminescence excitation
spectra (PLE) are reported in panel (a) and (b). The absorption transitions from the 7F0 ground level to the upper energy levels
are clearly observed. The most intense is the 7F0 → 7L6 at 393 nm, which was thus chosen as excitation for the PL emission. The
PL emission spectra in panel (c) and (d) show the typical peaks related to the 5D0 → 7FJ manyfold (J � 0–6) with maximum PL
intensity at 611 nm, corresponding to the 5D0 → 7F2 transition. As previously discussed, the analysis of the spectral shape of the
emission allows for Eu3+ ions the calculation of the symmetry factor R and radiative lifetime τRAD, which are reported in Table 3.
The symmetry factor is related to the local environment surrounding Eu3+ ions. The higher this factor, the lower the local symmetry
around Eu3+ is with respect to an inversion center, resulting in a stronger PL emission. It can be observed that Na concentration from
10 to 30 at% has a limited impact on the site symmetry of Eu3+ ions (in the range 3.4÷3.7). Instead, the symmetry factor depends
significantly on the increasing concentration of Eu atoms from 1 to 8 at%, rising from 2.2 to 4.2. This is a further indication of the
role of Eu as structural modifier for the glass network. The radiative lifetime τRAD was also calculated from the spectral shape. The
values range from 3.10 to 3.50 ms, without a definite trend with Na or Eu concentrations.

The normalized time-resolved PL decay is shown in panels (e) and (f) in linear-log scale to highlight the exponential decrease
that is typical of spontaneous transitions from the excited states to the lower lying energy levels [40]. To account for different sites
and inhomogeneous distributions, the decay curves were fitted with a double exponential equation:

I (t) � I0 + A1e
− t

τ1 + A2e
− t

τ2 (5)

where I (t) is the normalized emission intensity as a function of time t , I0 is a constant related to the background, A1 and A2 are
the amplitude contributions, and τ1 and τ2 are the fast and slow lifetime components, respectively. The experimental lifetime, also
listed in Table 3, is calculated as the weighted average of the two components, given by the following equation [40]:

τEXP � A1τ
2
1 + A2τ

2
2

A1τ1 + A2τ2
(6)
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Fig. 3 Photoluminescence characterization for Na series (left) and Eu series (right) samples. Excitation spectra (a) (b), emission spectra (c) (d), time-resolved
PL decay (e) (f)

As previously discussed, the quantum efficiency QY of the system can be evaluated by the rate between the experimental lifetime
and the radiative lifetime. It is worth observing that both the experimental lifetimes and the quantum efficiencies increase by increasing
Na and/or Eu content in the films. For Na series, the quantum efficiencies rise from about 51 to 66%. A reasonable explanation is
the better dispersion and lower clustering of RE ions with increase in Na, as predicted by molecular dynamic simulations, lowering
non-radiative recombination processes. In Eu series, the quantum efficiencies rise from 50 to 71%, confirming the role of Eu3+ in
improving the structural quality of the network.

As a final analysis, the integrated PL emissions as a function of Na content and Eu content are reported in Fig. 4a and b,
respectively. From a theoretical point, the PL intensity is proportional to the density of emitters, the thickness D of the film and
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Fig. 4 Integrated PL intensity for Na series (a) and Eu series (b) samples (black squares) compared to the product of Eu concentration, thickness D and QY
(red circles)

the QY of the emitters. In the same graphs, the product of these factors is reported with red circles. In the first graph, panel (a),
an increasing trend (about 25%) can be observed with Na increase. This improvement can be reasonably attributed to the better
structural environment for RE atoms due to the presence of sodium, as reflected by the observed increase of QY from 51 to 66%. In
the second graph, panel (b), related to Eu concentration, the trend exhibits a nonlinear behavior, as attested by the excellent second
order polynomial fit. This is in perfect agreement with the increase of the number of emitting species, the increase of the sample
thicknesses and the increase of the quantum efficiencies. It is also remarkable that no concentration quenching is observed for Eu
concentrations as high as 8 at%.

6 Conclusions

This paper is focused on sol–gel Eu-doped silica–soda glasses. According to molecular dynamic simulations, the addition of soda
to silica can reduce RE clustering and precipitation. It was shown that increasing Na content from 10 to 30 at% increases the PL
intensity. Moreover, Eu plays a significant role, too, in the structural and optical properties of the system. Increasing Eu concentration
improves the transparency, the refractive index and the thickness of the films, together with a quadratic increase of PL emission.
The optical characterization analysis revealed a decrease of site symmetry (increase of the symmetry R-factor) and an increase of
quantum efficiency (QY ), reaching 71% for the highest 8 at% doping, attributed to the better structural environment surrounding
Eu3+ ions. The total PL emission was successfully related to the combined contribution of Eu concentration, film thickness and QY
of the emitters, reporting the remarkable absence of concentration quenching for Eu doping as high as 8 at% in this system.
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