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Er-doped phosphate glasses were fabricated by melt-quenching technique. The changes in their thermal, struc-
tural and luminescence properties with the addition of Al2O3, TiO2 or ZnO were studied. Physical and thermal
properties were investigated through density measurement and differential thermal analysis. Structural charac-
terizationwas performed using the Raman and Infrared spectroscopy. In order to study the influence of the com-
position on the luminescence properties of the glasses, the refractive index, the luminescence spectra and the
lifetime values were measured.
The results show that with the addition of Al2O3 and TiO2 the phosphate network becomes more connected in-
creasing the glass transition temperature, whereas the addition of ZnO does not show significant changes in the
optical, thermal and structural properties but it leads to a larger emission cross-section at 1540 nm as compared
to the other glasses. As the site of the Er3+ is not strongly affected by the change in the glass composition, we
think that the emission properties of the glasses depend on the glass structure connectivity, which has an impact
on the Er3+ ions solubility.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Since the initial discovery of the Bioglass®, with a composition
known as 45S5 corresponding to 45.0 wt% SiO2, 24.5 wt% CaO,
24.5 wt% Na2O and 6.0 wt% P2O5 [1], the interest in bioglasses for tissue
regeneration has increased [2–5]. Besides silicate glasses, phosphate
glasses with a P2O5 content equal to 50 mol% have shown to be bioac-
tive, degradable and suitable for fiber drawing [6–12]. These bioactive
glasses form a hydroxyapatite layer, which is capable of bonding to
the connective tissue when placed into body fluids [13]. They have
been studied in many biomedical applications, especially for use in
bone repair and reconstruction [14] as well as for peripheral nerve re-
generation, because they allow neuronal cells growth along the fiber's
axis [9,15]. The glass systememployed in this study is based on the com-
position 50 P2O5–40 SrO–10Na2O (inmol%), whose bioactivitywas pre-
viously assessed by J. Massera et al. [10]. However, the influence of the

addition of erbium and metal oxides on the thermal, structural and lu-
minescence properties of this glass system has never been reported
before.

Phosphate glasses are of interest for the engineering of photonic de-
vices, thanks to the following properties: easy processing, good thermal
stability and excellent optical characteristics, such as high transparency
in the UV‐Visible-Near Infrared (UV‐Vis-NIR) region [16–20]. Besides,
phosphate glasses allow high rare earth (RE) ions solubility. Thus,
quenching phenomenon does only occur at very high concentrations
of RE ions [20,21]. Due to these properties, phosphate glasses have re-
cently become appealing for optical communications [22] and laser
sources as well as optical amplifiers [20,21,23–25]. However, to the
best of our knowledge, up to now only few studies focusing on glass
compositions that combine both biocompatibility and suitable optical
properties have been reported [8,26,27].

The dopant environment around the RE ions plays a significant role
in the RE-doped glasses. Specifically, parameters such as the covalency,
mass and charge of the ligand atoms affect the luminescence properties
as well as the solubility of RE ions in glassy hosts [28]. By adding differ-
ent metal oxides such as Al2O3, TiO2 and ZnO, phosphate based glasses
are able to modify their structural network, thus changing the glass
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chemical durability, biocompatibility and other properties [29–33]. In
this study, the dopants were selected on the basis of their high covalen-
cy and their ability to change the structure of the phosphate glass ma-
trix. In particular, Al2O3 and TiO2 are known to create cross-linking
bonds such as Al\\O\\P [29,34] and Ti\\O\\P [35], respectively, while
ZnO is considered as amodifier and is responsible for the depolymeriza-
tion of the glass network [36].

In this paper, we report on the effect of the addition of Al2O3, TiO2

and ZnOon the thermal, structural and luminescence properties of erbi-
um-doped phosphate glasses.

2. Experimental

2.1. Glass preparation

Glasses with the compositions in mol% (0.5 P2O5–0.4 SrO–0.1
Na2O)100 − x–(TiO2/Al2O3/ZnO)x, with x = 0 and x = 1.5 mol%, were
prepared. A fixed amount of Er2O3, 0.25 mol%, was added to the
100 mol% composition for all the glasses manufactured. The glasses
with 1.5mol% Al2O3, TiO2 and ZnOwere labeled as AlG, TiG and ZnG, re-
spectively, while the glass with x = 0 was labeled as RefG. The glasses
were prepared by the conventional melt-quenching technique using
NaPO3 (Alfa Aesar), SrCO3 (Sigma-Aldrich, ≥99.9%), Er2O3 (MV Labora-
tories Inc., 99.999%), Al2O3 (Sigma-Aldrich, ≥99.5% α-phase), TiO2

(Sigma-Aldrich, 99.99% rutile) and ZnO (Sigma-Aldrich, ≥99%).
Sr(PO3)2 precursor was independently prepared using SrCO3 and
(NH4)2HPO4 as raw materials and with a heating up to 850 °C. The
chemicals were ground and mixed to prepare a 40 g batch, then placed
in a quartz crucible and heated up to 1100 °C for 30 min with a heating
rate of 10 °C/min. Themelt was poured into a preheated brassmold and
annealed at 400 °C for 5 h to decrease the residual stress. Finally, the
glasses were cooled down to room temperature. All the glasses were
cut and optically polished or ground, depending on the characterization
technique.

2.2. Physical and thermal properties

The density of the glasses was measured using Archimedes' method
with an accuracy of ±0.02 g/cm3, using distilled water as immersion
liquid.

The glass transition temperature (Tg) and crystallization tempera-
ture (Tp) were measured by differential thermal analysis (DTA) using
a Netszch JUPITER F1 instrument. The measurement was carried out in
a Pt crucible at a heating rate of 10 °C/min. Tgwas determined as the in-
flection point of the endotherm obtained by taking thefirst derivative of
the DTA curve, while Tp was taken as the maximum peak of the
exotherm. All measurements were performed with an error of ±3 °C.

2.3. Structural properties

The structural properties of the glasses were assessed using Fourier
Transform Infrared (FTIR) spectroscopy, both in Transmission mode
and Attenuated Total Reflectionmode (FTIR-ATR), and Raman spectros-
copy. FTIR-ATR spectra were acquired on glass powders with a Bruker
Tensor 27 spectrometer equipped with a liquid nitrogen-cooled mercu-
ry–cadmium–telluride (MCT) detector, operating at 2 cm−1 resolution,
equippedwith an ATR cell. The spectra were recorded in the range from
600 to 1400 cm−1 andwere normalized to the bandwithmaximum in-
tensity (~880 cm−1).

Raman spectra were acquired with a Renishaw inVia Reflex micro-
Raman spectrophotometer (Renishaw plc, Wotton-under-Edge, UK)
equipped with a cooled CCD camera using a 785 nm excitation line.
The spectra were recorded in the range 600–1400 cm−1 and were nor-
malized at the maximum point (~1170 cm−1).

Semi-quantitative analysis was carried out by using a Scanning Elec-
tron Microscope (FESEM, Zeiss Merlin 4248) equipped with an Oxford

Instruments X-ACT detector and Energy Dispersive Spectroscopy Sys-
tems (EDS/EDX) in order to determine the final composition of the
glasses. The composition of all the glasseswas found to be in agreement
with the nominal one, within the accuracy of the measurement
(±1.5 mol%). Despite the use of quartz crucibles, no Si was found in
the EDS analysis of the investigated glasses.

2.4. Optical and luminescence properties

The refractive index (n) of the glasses was measured at 5 different
wavelengths (633, 825, 1061, 1312 and 1533 nm) by prism-coupling
technique (Metricon, model 2010). Ten scans were performed for
each wavelength. Estimated error of the measurement was ±0.001.
The experimental data were fitted using Sellmeier's equation:

n2 λð Þ ¼ 1þ B1∙λ2

λ2−C1
þ B2∙λ2

λ2−C2
þ B3∙λ2

λ2−C3
ð1Þ

where λ is the wavelength and B1,2,3 and C1,2,3 are the experimentally
determined Sellmeier's coefficients.

The absorption spectra in the range 2500–4000 cm−1were recorded
by means of a FTIR spectrometer (Alpha, Bruker Optics, Ettlingen, Ger-
many)working in transmissionmode and equippedwith a DTGS detec-
tor. The measurements were performed at room temperature and
corrected for Fresnel losses and glass thickness.

The UV‐Vis absorption spectra were measured at room temperature
from 190 to 1600 nm using an UV‐Vis-NIR Agilent Cary 5000 spectro-
photometer (Agilent, Santa Clara, CA, USA). The absorption cross-sec-
tion (σAbs) was calculated from the experimentally measured
absorption coefficient and from Er3+ ions concentration in the glass,
using the following formula:

σAbs λð Þ ¼ 2:303
NL

log
I0
I

� �
ð2Þ

where log(I0/I) is the absorbance, L is the thickness of the sample (in
cm) and N is the rare-earth ion concentration (ions/cm3). The Er3+

ions concentration was calculated from the measured glasses density.
The emission spectra in the 1400–1700 nm range were measured

with a Jobin Yvon iHR320 spectrometer equipped with a Hamamatsu
P4631-02 detector and a filter (Thorlabs FEL 1500). Emission spectra
were obtained at room temperature using an excitationmonochromatic
source at 976 nm, emitted by a single-mode fiber pigtailed laser diode
(CM962UF76P-10R, Oclaro). The glass samples used for the absorption
and emission measurements were optically polished disks of 1 mm of
thickness.

The emission cross-section (σe) spectrawere calculated from the ab-
sorption cross-section spectra using the McCumber's equation [37]:

σe ¼ σAbs∙ exp
ε−Eð Þ
kT

ð3Þ

where σAbs is defined by Eq. (2), ε is the photon energy at which the two
spectra cross at temperature T, E is the energy in eV and k is the
Boltzmann's constant.

The fluorescence lifetime of Er3+:4I13/2 energy level was obtained by
exciting the samples with a fiber pigtailed laser diode operating at the
wavelength of 976 nm, recording the signal using a digital oscilloscope
(Tektronix TDS350) and fitting the decay traces by single exponential.
Estimated error of the measurement was ±0.20 ms. The detector used
for this measurement was a Thorlabs PDA10CS-EC.

3. Results

The physical and thermal properties of the investigated glasses are
reported in Table 1. The addition of Al2O3 (AlG), TiO2 (TiG) or ZnO
(ZnG) has no impact on the density. However, the addition of Al2O3
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