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Abstract

In this paper, the impact of the post-heat-treatment on the structural and spectroscopic properties as well as
on the chemical durability of a thermally stable Er**-doped phosphate glass in the system P,Os - K;0 - Al,Os
- B,O3 - BaO - PbO - La;0s; - Gd»O3 is reported. Two crystalline phases, namely La, Gd-monazite and
AIKP,07, were found to precipitate from the surface of the glass after heat-treatment, as confirmed by both
X-ray Diffraction (XRD) and Scanning Electron Microscopy/Energy Dispersive X-ray (SEM/EDX)
analyses. Moreover, the heat-treatment was responsible for the formation of a more polymerized glass
network close to the surface crystalline layer as evidenced using micro-Raman spectroscopy. From the
changes in the Er®* optical properties, some of the Er** ions are suspected to enter in the crystals. Both the as-
prepared and heat-treated glasses were subjected to a degradation test in hydrochloric acid (HCI) and showed

a congruent and incongruent dissolution behavior, respectively.
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1. Introduction

In last decades, glasses and glass-ceramics (GCs) doped with rare-earth (RE) ions have been playing a key
role in the development of telecommunication systems, such as optical amplifiers, solid state lasers, up-
converters and 3D displays [1,2].

Among the different RE elements, Erbium is one of the most commonly used when engineering
optical fiber lasers and amplifiers. Er®* ions are optically pumped at around 980 or 1480 nm and then radiate
light at 1530 nm with high quantum yield [3]. The 1530 nm wavelength corresponds to the intra-4f transition
of Er®* ions from “l13, to *l1s2 and is particularly important for optical communications as standard single-
mode optical fibers display minimal loss at this particular wavelength [4].

Oxide glasses have proven to be stable hosts for obtaining efficient luminescence from RE ions [5].
Due to their noticeable ultra-low propagation loss and intrinsic thermo-mechanical properties, RE-doped
silica-based glasses have been the material of choice for most optical fiber-related applications, showing
outstanding performance in the near-infrared wavelength region [6]. However, a major bottleneck of silica
glass is the poor solubility of RE ions, and the consequent tendency to cluster. This causes deleterious effects
on the spectroscopic properties of the material [7]. Within this framework, intense research effort has been
recently devoted to the study of novel glass families, the so-called soft glasses, which are based on
alternative glass formers exhibiting different nature and structure than SiO,. Among them, multi-component
phosphate glasses have demonstrated in last years to be a true contender to silica glass as a fiber material,
especially for the realization of compact active devices [8]. Their peculiar structure [9] allows them to
withstand very high doping level of RE ions (up to 10% ions/cm?), which is typically about 50 times higher
than in silica glass [10]. Moreover, phosphate glasses are featured by good chemical stability, easy
processing, and excellent optical characteristics [1].

In recent years, the ever-increasing need to improve the optical and luminescent properties of the RE-
doped glasses and consequently to boost the overall photonic devices performance has led to the

development of new materials, namely the glass-ceramics. The latters combine the easy and cheap
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processing technology typical of glasses with some advantages of RE-doped single crystals, such as high
absorption/emission cross-section and long lifetime of luminescent levels [11]. Different routes have been
adopted to fabricate GCs, the most common one consisting of a post-heat-treatment of the glass at a suitable
temperature above the glass transition temperature to promote the in situ crystal formation in the glass matrix
[2,12]. To be promising materials for photonic applications, the crystals should be homogeneously
distributed in the volume of the glass matrix. Moreover, they should precipitate around the RE ions and have
a specific phase to exhibit larger absorption and emission cross-sections and energy transfer rates compared
to the parent glass [13]. Additionally, the GCs should be transparent and thus it is crucial to tailor both the
crystal size and the refractive index difference between the crystals and the glass. Interesting results on this
subject were obtained by Yu et al. [14], who reported an increase of about two orders of magnitude in the
emission intensity at 1540 nm of the Er¥*/Yb® co-doped phosphate GCs compared to their glassy
counterparts due to the formation of ErPO, and YbPO,4 nanocrystals during the heat-treatment. Recently,
novel GCs in the NaPOs-CaF, system were obtained and showed enhanced up-conversion properties
compared to their parent glasses due to the volume precipitation of Er®*-doped CaF, crystals during the heat-
treatment [15,16].

The present paper reports on the study of the heat-treatment process of an Er®*-doped multi-component
phosphate glass featured by high thermal stability and large RE ions solubility without clustering, thus
suitable for the development of compact and efficient fiber lasers and amplifiers. The glass was heat-treated
using different temperatures and time intervals. The investigation of the impact of the post-heat-treatment on
the morphological, structural, luminescent and dissolution properties of the glass is the major aim of the

study.

2. Materials and methods

2.1 Preparation of the glass

The multi-component phosphate glass used in this work, with composition 58.76 P,Os — 13.56 K,O — 2.71
Al;O3 — 3.62 B,03 — 4.52 BaO — 6.33 PbO — 5.25 La,03 — 4.25 Gd,0; — 1.00 Er,0s (in mol%), was prepared

by conventional melt-quenching method using chemicals with high purity level (99+%). The Er** ions
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doping concentration was selected on the basis of a previous study [17] as it represents a good trade-off
between a high doping level required for the fabrication of compact photonic devices and a high lifetime of
the Er®:*l13, emitting level for their efficient operation. The chemicals were weighed and mixed within a dry
box in order to minimize the hydroxyl ions (OH") content in the glass. The batched chemicals were melted in
an alumina crucible in a vertical furnace at a temperature of 1400 °C for 1 h under controlled atmosphere.
The melt was cast into a preheated cylindrical brass mold 12 mm in diameter, then annealed at a temperature
around the transition temperature, Tg, for 5 h to relieve glass internal stresses, and finally cooled down slowly
to room temperature. After annealing, the as-prepared glass was cut into 5 mm-thick disks and post-heat-
treated with a heating ramp of 20 °C/min at (Ty + 20 °C) for 17 h to start nucleation and then at higher
temperatures from 6 to 96 h to grow the nuclei into the crystals. For the heat-treatment, the glass disks were
placed on a platinum foil to prevent any contamination from the sample holder. The heat-treatments were
performed in air.

For the dissolution experiments, the glasses prior to and after the heat-treatment at (T4 + 20 °C) for 17
h and at the crystallization peak temperature (T,) for 16 h were soaked in a 37 wt% HCI solution at room
temperature for 5 days. The geometry of the samples was approximately 5 mm x 6 mm x 1.2 mm and the
acid volume/glass mass ratio was 0.13 ml/mg. The acid was changed every day to avoid solution saturation
effects. The samples were periodically weighed over the whole dissolution time, thus making possible to

estimate their etching rate.

2.2 Characterization

The density (p) of the glass was measured at room temperature by the Archimedes’ method using distilled
water as immersion fluid. The accuracy of the measurement is + 0.05 g/cm?. The Er3* ions concentration was
calculated from the measured sample density and its initial composition.

The Ty and T, of the as-prepared glass were measured through differential thermal analysis (DTA)
(Netzsch JUPITER F1 instrument) at the heating rate of 10 °C/min in Pt crucible. The Ty was determined as

the inflection point of the endotherm obtained by taking the minimum of first derivative of the DTA curve,



while T, was taken as the maximum peak of the exotherm. The onset of the crystallization peak, Ty, was also
measured. All measurements were performed with an accuracy of + 3 °C.

The glass coefficient of thermal expansion (CTE) was measured with a horizontal alumina dilatometer
(Netzsch, DIL 402 PC) on a 5 mm-long specimen operating at 5 °C/min up to 1200 °C. The measure was
automatically interrupted when shrinkage higher than 0.13% was reached (softening point, Ts). The CTE
value was calculated in the 200-400 °C temperature range, featuring an error of £ 0.1 °C™.

An X-ray Diffraction (XRD) analyzer (PANalytical Empyrean) with Co K, X-ray radiation (A =
1.79 A) was used to identify the crystalline phases in the heat-treated glasses. Data were collected from 26 =
20 up to 60° with a step size of 0.013°.

The composition and morphology of the glass prior to and after the heat-treatment were investigated
using a Scanning Electron Microscope (Crossbeam 540 Carl Zeiss) equipped with an Energy Dispersive
Spectroscopy (EDS/EDX) detector (Oxford Instruments X-MaxN 80). The samples were mounted on Al-
stubs and coated with a thin carbon layer prior to the SEM/EDX analysis. The detection limit of the EDX
system was + 0.5 at.%.

The Raman spectra of the glass prior to and after the heat-treatment were acquired with a Renishaw
inVia Qontor Raman microscope equipped with a cooled charge coupled device (CCD) camera using a
405 nm laser for the excitation. A linear Raman mapping was also performed on the cross-section of the
heat-treated glass sample; the mapping line was perpendicular to the edge of the sample and spanned the
surface crystalline layer and the internal glassy part.

The emission spectra of the glass and GCs were measured in the 1400-1700 nm range at room
temperature using a continuous-wave (CW) 970 nm laser diode for excitation. The spectra were acquired
using a Spectro 320-131 optical spectrum analyzer (Instrument Systems Optische Messtechnik GmbH,
Germany) equipped with an InGaAs detector for wavelengths ranging from 800 to 1700 nm.

The fluorescence lifetime of the Er®*:*l.3, level was obtained by exciting the glass and GC samples
with a fiber pigtailed laser diode operating at the wavelength of 976 nm in pulsed mode, acquiring emission
by means of an InGaAs amplified detector (Thorlabs PDA10CS2), recording the signal by an universal serial

bus (USB)-oscilloscope (Picoscope 5242D) and fitting the decay traces by single exponential function. The



measurement was performed by exciting the bulk samples at their very edge to minimize reabsorption.

Estimated error of the measurement was + 0.2 ms.

3. Results and discussion

The as-prepared multi-component phosphate glass showed a good homogeneity and the absence of crystals,
as assessed through a visual inspection. The exothermic crystallization peak was detected only for the fine-
powdered glass sample (see Fig. 1), thus clearly indicating that the synthesized glass is rather stable against
crystallization. The physical and thermo-mechanical properties of the as-prepared glass are summarized in

Table 1.

Table 1

Density (p), glass transition temperature (Tg), onset crystallization temperature (Tx), crystallization peak temperature
(Tp), glass thermal stability (AT = Tx - Tg), coefficient of thermal expansion (CTE), softening temperature (Ts) and Er’*
ions concentration of the as-prepared phosphate glass. Tx and T, temperatures were determined from the fine-powdered

glass DTA curve.
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Fig. 1. DTA thermograms of the as-prepared bulk and fine-powdered phosphate glass. Fine powder was used to

evidence the crystallization peak.

The glass exhibited higher Ty and lower CTE values than those reported in literature for other phosphate
glass compositions [18,19], proving that it is markedly robust and resistant to the thermal stress induced by
its processing. Moreover, a glass stability parameter AT of ~200 °C was assessed, thus indicating that the
synthesized glass is stable against devitrification and suitable for crystal-free fiber drawing. The enhanced
thermal stability and solubility toward Er®* ions exhibited by the investigated phosphate glass make it a
promising platform for the development of compact and efficient eye-safe fiber laser sources operating at
1550 nm.

The glass was heat-treated at (Tq+ 20 °C) for 17 h and then at higher temperatures ranging from 650 to
750 °C for 16 to 96 h. After the heat-treatment, the glasses were opaque and they also lost their shape due to

an excessive viscous flow. The XRD patterns of some heat-treated glasses are reported in Fig. 2.
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Fig. 2. XRD patterns of the glass heat-treated at (T4 + 20 °C) for 17 h and then at 650, 690 and 750 °C for different time

intervals. The XRD patterns of the suspected crystals are also shown.

Two crystalline phases, i.e. RE-monazite and AIKP,O-, were found to precipitate in the glass. One should
point out that the peaks’ position of the RE-monazite phase does not perfectly match neither the XRD pattern
of LaPO4-monazite nor that of GdPO4-monazite. RE-monazites exhibit similar XRD patterns in experiment,
the position of the diffraction peaks depending on the RE ions. Based on the literature data, LaixGdxPOs-
monazite solid solution is suspected to precipitate during the heat-treatment [20,21].

The morphology and the composition of the cross-section of the glass heat-treated at (T4 + 20 °C) for
17 h and at 750 °C for 16 h were analyzed using SEM/EDX. The SEM image of the cross-section of the
heat-treated glass, depicted in Fig. 3a, clearly shows that the crystal formation mechanism is a surface

crystallization, i.e. no crystals could be found in the volume of the glass. The composition at the central part



of the heat-treated glass was found to be similar to that of the as-prepared glass, while abrupt compositional

changes were detected near the surface (see Fig. 3b).
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Fig. 3. SEM image (a) and EDX concentration profile (b) of the cross-section of the glass heat-treated at (T4 + 20 °C)
for 17 h and then at 750 °C for 16 h. The white line in (a) shows the EDX mapping trajectory, the concentration profiles

in (b) are given only when measured in the sample (embedding epoxy region is excluded). The dashed-dot blue lines in

(b) represent the expected at.% of all the elements.

An individual EDX mapping of the surface layer of the heat-treated glass was also acquired (see Fig. 4).



Fig. 4. EDX mapping of the surface layer of the glass heat-treated at (Ty+ 20 °C) for 17 h and then at 750 °C for 16 h.
The white rectangle in the top panel highlights the mapped sample region, brighter areas indicate higher element

content.

Areas with K-, Al-, La- and Gd-rich compositions are visible at different spots, thus confirming the
precipitation of the RE-monazite and AIKP,O- crystalline phases at the surface of the glass after the post-
heat-treatment.

The micro-Raman spectra of the glass heat-treated at (Tq+ 20 °C) for 17 h and then at 750 °C for 16 h
measured close to and far from the surface crystalline layer are presented in Fig. 5a. The spectra were
normalized to the band peaking at ~1165 cm™. The spectra exhibit bands at ~700, 800-1050, ~1165 and
1200-1300 cm™. According to what reported by Konidakis et al. [22], the band at ~700 cm™ is assigned to
the symmetric stretching of P-O-P bridges. The bands at ~930, 1030 and 1100 cm™ can be related to the
symmetric PO, stretching on QO tetrahedra and to the symmetric and asymmetric PO; stretching on Q!

tetrahedra, respectively [23]. The bands at around 1165 and 1250 cm™ can be ascribed to the symmetric and
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asymmetric stretching of Q2 groups, respectively [24]. Finally, the shoulder at 1300 cm™ reveals the presence
of Q2 groups in small amount.

The spectrum acquired close to the crystalline layer exhibits a slightly lower intensity of the bands
related to vs(QP), vs(Q) and va(Q!) compared to the spectrum acquired far from the crystalline layer. This is
a clear indication of chemical elements redistribution occurring during the heat-treatment, which leads to the
decrease in the number of non-bridging oxygens (NBOs) and consequently to the increase in the degree of
polymerization of the phosphate glass network close to the crystalline layer. A linear Raman mapping was
measured across the heat-treated glass to further evidence the changes in the glass structure due to the
redistribution of the elements. The mapping line was perpendicular to the edge of the sample and spanned
both the surface crystalline layer and the internal glassy parts of the sample. Fig. 5b shows the ratio between
Raman signal intensities at ~1165 and ~1030 cm™. This ratio approaches the value obtained for the as-
prepared glass at about 120 um, which agrees well with the EDX data shown in Fig. 3b and confirms once

again that no or very minor structural changes occurred in the volume of the glass during the heat-treatment.
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Fig. 5. (a) Normalized Raman spectra of the glass heat-treated at (Tyg + 20 °C) for 17 h and then at 750 °C for 16 h
collected close to and far from the surface crystalline layer. The main bands were marked by dotted gray lines as a
guide to the eyes. (b) Ratio between Raman signal intensities at ~1165 and 1030 cm™ across the glass heat-treated at
750 °C for 16 h obtained from the linear Raman mapping. The horizontal dashed red line corresponds to the value for

the as-prepared glass.

The spectroscopic properties of the glass were measured prior to and after the heat-treatment. Interestingly,
the heat-treatment of the glass showed a minor effect on the shape of the Er®* ions emission band centered at
around 1550 nm (see Fig. 6a). These minor differences can be detected only after the heat-treatment at higher
temperatures and for a longer time, in particular some low intensity narrow bands can be distinguished at
~1500 and 1520 nm after the treatment at 750 °C for 16 h. At the same time, the heat-treatment led to a
noticeable decrease in the integral emission intensity (see Fig. 6b) and also to the reduction of the Er®*:*l;3,

excited state lifetime (see Fig. 6¢ and Table 2).
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Fig. 6. (a) Normalized emission spectra measured at the surface of the glass prior to and after the heat-treatment. (b)

Area of the Er®* ions emission band centered at around 1550 nm measured from the glass prior to and after the heat-
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treatment crushed into powder. (c) Er¥*:*l;3. excited state lifetime values of the glass prior to and after the heat-

treatment.

Table 2
Excited state Er®*:*l13;, lifetime values of both untreated and post-heat-treated Er®*-doped phosphate glasses measured

under laser excitation at 976 nm.

Thermal treatment Er3*:*1,3;, lifetime [ms] £ 0.2 ms
Untreated glass 7.1
650 °C-6 h 7.5
650 °C-26 h 6.3
650 °C-96 h 3.9
690 °C-6 h 55
690 °C-96 h 2.5
750 °C-16 h 1.7

Due to the similarity in ionic radii of Er®*, Gd®*" and La*" ions, it is reasonable to assume that the changes in
the Er® ions spectroscopic properties are due to the incorporation of some of the Er®* ions in the monazite
crystalline phase. Indeed, an Er®*:*l13, excited state lifetime value of ~3.7 ms and a quantum efficiency,
defined as the ratio of the measured luminescence lifetime to the radiative lifetime, of about 50% were
reported for Er¥*-doped La-monazite [25]. As the quantum efficiency can be above 70% in the case of
phosphate glasses [26], the intensity of the emission at 1550 nm of the investigated glass is expected to
decrease after the heat-treatment due to the precipitation of Er®*-doped monazite phase. Moreover, in the
most crystallized sample (750 °C-16 h) the presence of short and long lifetime components in the
luminescence decay law was clearly detected, and the long component slope was found close to the one of
the as-prepared glass decay curve (see Fig. 7). This supports our assumption about the presence of Er®* ions

in two different phases after devitrification.
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Fig. 7. Emission decay curves of the as-prepared glass and 750 °C-16 h GC samples.

It is well known that the RE-phosphate crystals are chemically and thermally durable materials [27—-29].
Therefore to confirm the incorporation of Er®* ions in the monazite phase, a leaching experiment of the glass
prior to and after heat-treatment at (Ty + 20 °C) for 17 h and then at 750 °C for 16 h was performed. The
glasses prior to and after the heat-treatment were immersed in a 37 wt% HCI solution at room temperature
for 5 days, and the samples were weighed over the whole dissolution time. The mass values of the glasses
after 24, 48 and 120 h of soaking in HCI are reported in Fig. 8. The linear fitting of the experimental data
allowed assessing the etching rate values for both the untreated and thermally treated glasses, which revealed
to be equal to (1.04 + 0.11) and (0.84 = 0.11) mg/day, respectively, i.e. dissolution rates of the glass and the

GC are the same within the experimental error.
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Fig. 8. Mass values of the glass prior to and after the heat-treatment at (Tq+ 20 °C) for 17 h and then at 750 °C for 16 h

as a function of the etching time. The points are experimental data, while the continuous lines are linear fitting curves.

The normalized emission spectra in the 1400-1700 nm range of the as-prepared glass and of the glass heat-
treated at (Ty + 20 °C) for 17 h and then at 750 °C for 16 h prior to and after etching in HCI for 120 h are

reported in Fig. 9.
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Fig. 9. Normalized emission spectra of the as-prepared glass and of the glass after the heat-treatment at (Ty + 20 °C) for
17 h and then at 750 °C for 16 h prior to (thin line) and after (thick line) etching in HCI for 120 h. The spectra were

measured from the surface of the glass.

No changes in the shape nor in the intensity of the Er®* ions emission band centered at around 1550 nm were
observed after immersing the as-prepared glass for 120 h in HCI. The composition of the as-prepared glass
was also found to be unchanged after the etching process, i.e. the glass itself dissolved congruently in HCI.
However, small changes in the shape of the emission could be highlighted after immersing the heat-treated
glass in HCI for 120 h: the narrow bands at ~1500 and 1520 nm became more prominent and the intensity of
the shoulders at ~1500 and 1550 nm increased as compared to the main band. One should also mention that
the intensity of the emission was found to remain unchanged after immersing the heat-treated glass for 120 h
in HCI. Taking into account the high chemical durability of RE-monazite, the glass should be less stable
against HCI treatment than the heat-treated glass. While the composition of the as-prepared glass was found
to be unchanged after the etching process, the composition of the heat-treated glass changed after being
immersed in HCI: both Al-rich and La-Gd-rich compositions were detected on different spots at the surface
of the sample after the etching experiment indicating that the glass is less chemically stable than RE-
phosphate crystals in HCI. Thus the leaching increased the crystallinity of the glass surface making more

obvious the fact that some Er®* ions were incorporated in the precipitated crystalline phases.
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4, Conclusions

In conclusion, an Er¥*-doped phosphate glass in the system P,Os - K0 - Al,O;3 - B,Os - BaO - PbO - La;O; -
Gd,0O3 was successfully synthesized by melt-quenching technique. The glass displays a good thermal
stability and it is able to host a considerably high-volume concentration of Er®* ions, i.e. ~2.6 x 10%
ions/cm?, hence it can be regarded as a promising candidate to be drawn into an active optical fiber for
compact and efficient eye-safe laser sources. The glass was heat-treated at different temperatures in the 650-
750 °C range and for different time intervals varying from 6 to 96 h to induce the precipitation of crystals.
The heat-treatment led to surface crystallization. Based on the XRD and SEM/EDX analyses, La, Gd-
monazite and AIKP,O; are the main crystalline phases precipitating at the surface of glass. Using micro-
Raman spectroscopy, it was shown that the crystallization led to the redistribution of the chemical elements
in the sample and to the formation of more polymerized glass close to the surface crystalline layer. The
observed changes in the spectroscopic properties induced by the heat-treatment indicate that some of the Er®*
ions remained in the amorphous part of the heat-treated glass while others were incorporated in the RE-
monazite formed upon crystallization. The latter was additionally confirmed by leaching of the samples in
HCI. The glass prior to and after the heat-treatment showed a congruent and incongruent dissolution
behavior, respectively, due to the higher chemical durability of the RE-monazite and AIKP,0- crystals than

the glass in HCI. HCI.
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