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Abstract: In this paper structural, thermal and optical properties of Er** doped germanate
glasses with the composition of 63.0Ge0,-9.8Ga;03-11.1Ba0-4.9X-8.8Na,0-2.5Er,03 (in
mol%), where X =ZnO0, TiO,, Al,O3 and Y,03 are reported. The investigated glasses exhibit
low phonon energies (<1000 cm™") and high glass transition temperature varying between 588
and 642 °C. The Raman spectra evidence about different polymerization degree of the glasses.
The thermal treatment leads to the precipitation of various crystals, the composition of which
depends on the glass composition. According to the spectroscopic properties Er’* ions are
suspected to have similar local environment in the as-prepared glasses. However, Er-doped
crystals are expected to precipitate upon devitrification, which leads to significant change of
the spectroscopic properties, in particular increase in the intensity of upconversion and MIR
emissions is observed. It is demonstrated that the glasses with Y,03, ZnO and TiO, are promising
glasses especially for MIR applications.
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1. Introduction

Luminescent materials have been of great interest in order to develop new light sources with
different emissions in the visible, the near-infrared (NIR) and in the mid-infrared (MIR) spectral
ranges [1-3]. Those light sources are needed in sectors such as medicine, environment, sensing,
and bioengineering [4,5], especially because of the spectral signatures of many molecules which
are located in 2.0-5.0 um spectral region (transparency window of the earth atmosphere) [6].
Since Er** jons emit in NIR and MIR spectral regions, these ions have become of particular
focus, especially because of their easy pumping at 980 nm. The visible emission of Er’* ions
is mainly due to three transitions of Er** jons: 2H11/2 — 4115/2, 483/2 — 4115/2, and 4F9/2 —
4115/2. The NIR emission centered at ~1.5 um is due to 4113/2 — 4115/2 transition of Er** ions
while the MIR emission centered at ~2.7 pm is due to Ty 2= T3 /2 transition. The probability
of a radiative transition between *I;; /2 and 113 /2 states is strongly improved in a glass matrix
with low-phonon energy, in which the multiphonon nonradiative relaxation cannot deplete *I;; 2
excited state [7].

Silica glass is not a promising material for light emission in the MIR region due to its
high phonon energy, narrow transmission window compared to other glass systems [8] and
low rare-earth solubility [9]. Therefore, many efforts have been made in the development of
other glass systems emitting in the visible, NIR and MIR regions such as the fluoride [10,11],
chalcogenide [12,13] and tellurite [14,15] networks. Glasses in the germanate system seem to

#476131 https://doi.org/10.1364/OME.476131
Journal © 2023 Received 20 Sep 2022; revised 21 Oct 2022; accepted 24 Oct 2022; published 19 Dec 2022


https://orcid.org/0000-0002-0852-3143
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.1364/OME.476131&amp;domain=pdf&amp;date_stamp=2022-12-19

Research Article Vol. 13, No. 1/1 Jan 2023/ Optical Materials Express 219

= B
{ g

be especially promising because of their wide infrared transmission window [16], low phonon
energy, and their good optical, chemical, and mechanical properties [17]. The composition
of germanate glasses can be easily modified to improve specific properties; for example, ZnO,
Al,O3 and Y, 03 can be added into the germanate network to increase the glass stability [18,19].
Due to the good rare-earth solubility, germanate glasses can be easily doped with high level of
rare-earth ions such as Er** leading to the formation of glasses with upconversion, NIR and MIR
luminescence when pumped at 980 nm [20].

Glass-ceramics have been of great interest as they can exhibit improved spectroscopic
properties as compared to parent glass if the rare-earth ions are located in specific crystals after
the devitrification. A glass-ceramic is a material containing both a crystalline phase and a glassy
phase, allowing to add the crystal-like spectroscopic characteristics to a glassy material. Pisarska
et al. [21] demonstrated a significant improvement of the upconversion from the Er** doped
glass with the composition 39.5PbO-10PbF,-50Ge0;-0.5ErF; (mol%) after a heat treatment at
675 °C during 5 h due to the formation of Er**-doped PbF, crystals. Kang et al. [22] showed an
enhanced intensity of the luminescence at 1.55 um after a heat treatment between 400 and 640
°C for 8 h of the 59Ge0,-8TiO,-8Ba0-22Li,O-3Er, O3 (mol%) glass due to the formation of
Li»GeO3 and BaTiOs3 crystals. An enhancement of the emission intensity at 2.7 um was reported
after heat treating the 50Ge0;-10Ga,;03-12NaF-25BaF,-2.9LaF3-0.1ErF3 (mol%) glass at 550
°C for 10h due to the formation of BayLaF; and BaF, crystals. [23]. These studies, taken as
examples, clearly show the potential of glass-ceramics as compared to parent glasses. However,
to the best of our knowledge, there have been fewer studies reported on germanate glass-ceramics
compared to silicate based glass-ceramics for example.

In this work we report the preparation and characterization of new Er**-doped germanate
glasses and glass-ceramics. The impact of the glass composition on the physical, thermal,
structural, optical, and spectroscopic properties of the glass is investigated in order to develop
glasses with improved spectroscopic properties. The glasses are heat treated to grow crystals in
the glasses and the impact of the crystallization on the spectroscopic properties of the glasses is
discussed.

2. Experimental procedures
2.1. Samples preparation

Glasses with the composition 63.0Ge0,-9.8Ga;03-11.1Ba0-4.9X-8.8Na,0-2.5Er; O3 (in mol%),
where X =7Zn0, TiO,, Al,03 and Y,0j3 (labeled as GeZn, GeTi, GeAl and GeY, respectively) are
prepared using the standard melt-quenching method and in the same week to avoid any changes
in the atmosphere relative humidity or changes in the furnaces capabilities. Therefore, the
condition preparations are similar for each glasses. The batches are prepared using GeO, (Sigma-
Aldrich, 99.99%), Ga; 03 (Sigma-Aldrich, 99.99%), BaO (Sigma-Aldrich, 99.99%), Na,CO3
(Sigma-Aldrich, 99.8%), Er, O3 (Sigma-Aldrich, 99.99%), ZnO (Sigma-Aldrich, 99.99%), TiO,
(Sigma-Aldrich, 99.8%), Al,O3 (Sigma-Aldrich, 99%), and Y,03 (Sigma-Aldrich, 99.9%) as the
raw materials. The 10 g batches are prepared and mixed using a mortar to obtain a homogenous
mixture. The mixture is transferred in a platinum (Pt) crucible and melted at 1450 °C (for GeAl
and GeZn) or at 1550 °C (for GeTi and GeY) with a ramp of 15 °C/min after a decarbonation
step of 30 min at 450 °C. After 40 min at the melting temperature, the melt is quenched on a
brass plate and finally annealed at 40°C below the glass transition temperature of the glasses for
5 h and cooled slowly to release the internal stress from the glass. Finally, the glasses are heat
treated at 20 °C above the glass transition temperature (T,) for 17 h and at the crystallization
temperature (Tp) for 1, 6 and 12 h in order to grow crystals. Undoped glasses have also been
prepared specifically for Raman measurements.
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2.2. Physical and thermal properties

The density of the glasses is measured by the Archimedes’ method. Ethanol is used as immersion
liquid and results are obtained with an accuracy = 0.02 g/cm?.

The thermal properties of the glasses, T, and T, are measured using differential thermal
analysis (DTA, Netszch JUPITER F1 instrument). The measurements are carried out in a Pt
crucible using a heating rate of 10 °C/min. The T, is determined as the inflection point of the
endotherm peak obtained by taking the first derivative of the DTA curve, while T, is taken at the
maximum of the exothermic peak. The onset of the crystallization peak, Ty, is also measured,
providing information about the glass thermal stability, T =Ty - T;. All measurements are
performed with an accuracy of + 3 °C.

2.3. Optical properties

The absorption spectra are measured using UV-Vis—NIR spectrophotometer (UV-3600 Plus,
Shimadzu) from 250 to 1800 nm. The absorption cross-section s ( ) is calculated using
Equation (1):

2.303 log(Ip/I)

Oaps(d) = LXNoa
Er>+

ey
where log (Io/I) is the absorbance, L is the thickness of the sample (in cm) and Ng.>* is the
concentration of rare-earth ions (ions/cm?). The accuracy of absorption cross-section is = 10%.
The IR spectra were measured using a PerkinElmer Spectrum One FTIR (Fourier-transform
infrared spectroscopy) spectrometer in transmission mode from 1000 cm™~! to 5000 cm™".

2.4. Structural properties

The Raman spectra of the glasses are 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. The spectra are normalized to the maximum intensity band; therefore all the intensity
changes shown/observed are relative to the main peak. The measurements are taken for Er** free
glasses to avoid luminescence of the rare-earth ion.

2.5. Spectroscopic properties

The upconversion (UC) and NIR emission spectra of the samples are measured in the 500-800
nm and 1400-1700 nm ranges, respectively, using a continuous-wave 980 nm monochromatic
single-mode fiber pigtailed laser diode (CM962UF76P-10R, Oclaro) for excitation. The spectra
are acquired using a Spectro 320-131 optical spectrum analyzer (OSA, Instrument Systems
Optische Messtechnik GmbH). The MIR emission spectra are measured in the range 2500-3000
nm using the same laser diode and a monochromator coupled with an amplified MIR detector
(detector PCI-4TE-4-1 x 1, preamplifier PIP-DC-200M-F-M4, Vigo). All measurements are
performed using glasses crushed into powder and at room temperature.

2.6. XRD analysis

An X-Ray Diffractometer (XRD) analyzer (PANalytical Empyrean) with Cu K X-ray radiation
( =1.79 A) is used to identify the crystalline phases in the heat treated glasses. Data are collected
from 2 =20 to 60° with a step size of 0.05°. The samples were crushed into powder for the
measurement.

2.7. Composition analysis

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

3. Results and discussion

The table 1 reports the physical and thermal properties of the investigated glasses.

Table 1. Physical and thermal properties of the investigated glasses

Glass (g/em®) +0.02 g/em? Ty (°C)£3°C | Tx (°C)£3°C | T, (°C)£3°C T (°C)x6°C
GeY 4.55 642 821 842 179
GeZn | 4.46 588 786 827 198
GeAl | 4.30 630 790 816 160
GeTi | 4.43 609 800 892 191

The density of the glasses decreases when replacing Y,0O3 by ZnO, TiO, and Al,O3. The
GeAl glass has the lowest density (4.30 g/cm?) whereas the GeZn and GeTi glasses have similar
density (4.46 and 4.43 g/cm? respectively). The substitution of Y,03 by ZnO, Al,O3 and TiO,
decreases the Ty, with the GeZn glass having the lowest one. Based on their thermal properties
(Fig. 1(a)), the GeY and GeZn glasses are expected to have, respectively, the strongest and the
weakest glass network among the investigated materials. Because of their large thermal stability
parameter ( T), all glasses can be considered stable against crystallization and so good candidates
to be drawn into fibers.
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Fig. 1. a) DSC curves, b) Raman spectra, c) refractive index profiles, and d) IR absorption
spectra of the investigated glasses

The normalized Raman spectra of the glasses are presented in Fig. 1(b). The Raman spectra
observed are typical for germanate glasses. The bands are located in three different regions: 200
-400cm™', 420 - 600 cm™! and 700 - 900 cm™! [24]. The bands at 250 and 370 cm™! can be
assigned to the bending modes of Q% and Q' tetrahedra. The main band centered at 500-520 cm™!
can be attributed to the bending mode Ge [4]-O-Ge [4], the brackets referring to the coordination
number of the atoms. The wavenumber position of this band gives information on the number



Research Article Vol. 13, No. 1/1 Jan 2023/ Optical Materials Express ~ 222

= B
{ g

of tetrahedra forming the GeO4 rings: in pure GeO,, this band related to 6-membered GeOg4
rings is located at 420 cm™! [25] while this band is shifted to higher wavenumber when modifiers
break the ring structure from 6- to 4- or 3-membered rings [24-27]. The bands in the region of
700-1000 cm™! give information on the number of non-bridging oxygens (NBOs). Q3, Q?, Q!
and Q° units having 3, 2, 1 or 0 bridging oxygens respectively have typical Raman bands at 865,
780, 740 and 720 cm™', respectively [26]. The more these high frequencies bands are intense
compared to the 500cm™~! band, the more the glass has NBOs.

It is known that the number of NBOs increases upon depolymerization of GeO, glass and
Q*- units transform in Q3, Q2, Q! and Q° units and the whole Q-species envelope shifts to
lower frequencies [26]. By comparing the intensity of the band at 520 cm™! and of the different
Q-species in the range 700-1000 cm™!, the GeY and GeAl glasses have the largest and lowest
number of NBOs, respectively. Therefore, GeAl glass is expected to be the most polymerized
glass and the GeY glass the most depolymerized glass which is also in agreement with the
different intensities of the shoulder at ~465 cm™': GeAl and GeY glasses have the highest and the
lowest relative intensity at ~465 cm™!, respectively. GeTi glass has also a relatively high intensity
at ~465cm™! (slightly higher than in GeY and GeZn glasses, and lower than in GeAl glass).
For GeTi glass, the shift of the Q-species envelope to lower wavenumbers can be explained
by formation of TiO, tetrahedra, which have Raman active modes at about 750 cm™! [28]. A
difference in the Q3 band intensity (865cm™") compared to Q?, Q', and Q° bands indicate that Y
and Zn are creating more NBOs than Ti and Al. GeTi and GeAl being the samples having the
highest 465cm™! band intensity, Al and Ti are acting more as network formers than Y and Zn.
According to the Raman results the polymerization of the glasses decrease in the following order:
GeAl->GeTi—GeZn—GeY.

The refractive index of the glasses measured at different wavelengths is shown in Fig. 1(c).
Replacing Y,03 by ZnO and Al,O3 tends to decrease the refractive index whereas the addition
of TiO; at the expense of Y,O3 has no noticeable impact on the refractive index. The refractive
index can be influenced by both the polarizability of the glass which depends on the number of
electrons surrounding the atoms and the density of the glass [29]: if both the polarizability and
the density of the glass increase, then the refractive index of the glass should increase. The GeY
glass has the highest density with a high Y,O3 polarizability (polarizability of Y,03 is 162 a.u
[30]) so it is expected to possess a high refractive index. Ti has also a high polarizability (100
a.u.) and GeTi has a quite high density (the second highest considering the error bar), leading to
a high refractive index too. GeAl and GeZn have respectively the lowest density and the lowest
polarizability (38.67 a.u for Zn) leading them to be the glasses with the two lowest refractive
indices (Al having a polarizability of 57.8 a.u).

The FTIR spectra of the studied glasses are shown in Fig. 1(d). The spectra exhibit broad
bands which can be related to OH groups. The band at ~3300 cm™! can be related to free, weakly
associated hydroxyl groups. Although Feng et al. [31] attributed the shoulder at 2250 cm™! to
strongly associated hydroxyl groups, this shoulder was related to an anharmonic contribution
of the bending mode at 2 oy by Guery et al. [32]. The GeZn glass has the highest amount
of OH groups while the GeY glass has the lowest amount of OH groups as expected from the
network of the glasses: the more packed glass network (due to the higher number of 3-membered
GeQy-rings) the lower amount of OH groups. Similar reduction in OH groups due to addition of
Y,03 was reported by Xiao et al. [33].

Fig. 2(a) shows the absorption spectra of the different glasses in the range 300-700 nm. The
typical absorption bands of Er** ions are visible, and they correspond to the transition of Er’*
ions from the ground state *I;5 /2 to the different excited states. The position of the band gap
depends on the glass composition: the bandgaps of the GeTi glass is located at longer wavelength
( =15cm™! at 341 nm) compared to that of the GeZn glass ( =15cm™! at 303 nm), probably
due to the TiO4 tetrahedra formation [34]. The shift of the bandgap to higher wavelength has
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already been observed by adding higher proportion of TiO, in glass [35]. Figure 2(b) and 2(c)
display the 980 nm and 1550 nm Er’* absorption bands. No significant differences either in the
intensity of the absorption coeflicient nor in the shape of the absorption bands are visible.
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Fig. 2. Absorption spectra of the investigated glasses in a) visible, and at b) 980 nm and c)
1550 nm

As seen in Table 2, the absorption coefficients and cross-sections at 980 nm and 1530 nm are
independent of the glass composition within the 10% error indicating that the local environment
of Er** ions are similar in the investigated glasses. Thus, Y, Al, Zn and Ti are not expected to
be in the coordination sites of Er** ions. The absorption cross-sections at 980 and 1530 nm
are similar to those reported in other germanate glasses [36,37]. They are also similar to those
reported in tellurite glasses [38—40] but higher than those reported in phosphate [41], silica and
silicate glasses [42].

Table 2. Absorption coefficients ( ,ps) and cross-sections ( aps) at 980 nm and
1530 nm of the investigated glasses

Glass NEr3Jr abs (cmil) Abs (sz) abs (Cmil) Abs (sz)
(ions/cm?3) @980 nm @980 nm @1530 nm @1530 nm
(1020) £ 5% (10721 + 10% (10721 £ 10%

GeZn | 11.17 2.01 1.80 7.01 6.27

GeTi 11.11 2.20 1.98 6.78 6.11

GeAl | 10.68 2.10 1.97 7.08 6.63

GeY 10.77 2.15 2.00 7.08 6.57

The normalized upconversion (transitions 2H,, /2= s /2 at 524 nm, 4S5 /2= s /2 at 544 nm,
and *Fg/» — *1;5/2 at 660 nm), NIR (transition *I;3/» — *I;5/, at 1.55 pum) and MIR (transition
T 2= T /2 at 2.7 um) emission spectra of the Er’* doped glasses under 980 nm excitation are
presented in Fig. 3(a), b and c, respectively. All glasses exhibit similar emission bands confirming
that Er3* ions are localized in similar sites despite the differences in glass composition. Also, no
significant changes of intensity of the UC, NIR and MIR emission have been observed at + 15%
in agreement with their similar OH content. Indeed, the link between OH content and energy
transfer from Er3* ions to quenching centers is well known in the case of the 1.55 um emission
[43].

The glasses were heat treated at (T +20 °C) for 17 h and at their crystallization peak
temperature (T},) for 1 and 6 h. All heat treated glasses exhibit surface crystallization. The XRD
patterns of the glasses prior to and after heat treatment are shown in Fig. 4(a-d). The as-prepared
glasses show no crystal-related peaks prior to the heat treatment whereas sharp peaks appear
afterwards confirming that crystallization occurs during the thermal treatment. The XRD patterns
of the glasses exhibit peaks which can be attributed to BaGa;(GeOy), [ICDD 04-009-4175] and
BaGe4Og [00-013-0295] crystals. Similar crystallization behavior with formation of BaGe4Og
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Fig. 3. Normalized a) upconversion and emission spectra centered at b) 1.5 um (NIR) and
at ¢) 2.7 um (MIR) of the investigated glasses ( exc = 980 nm)

Fig. 4. XRD pattern of the a) GeAl, b) GeY, ¢) GeZn and d) GeTi glasses prior to (black)
and after a heat treatment at (Tg + 20 °C) for 17 h and at T}, for 1 and 6 h.
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crystal during a thermal treatment was reported for 70GeO,-20Ba0-10Ga, 03 (mol%) glass [16].
The other peaks in the XRD pattern of the heat treated GeTi and GeY glasses could be assigned
to NapGaGe,Og [04-020-9808] crystal. Ge,Y,07 crystal [00-023-0272] is also expected in
the heat treated GeY glasses and Ba,(TiGe,Og) crystal [05-001-0003] in the heat treated GeTi
glasses. NagGayO7 [00-043-0794] and BaAl,O4 [04-013-9459] crystals are expected in the heat
treated GeAl glasses and Naj 99Zng25Ge; 7504 crystal in the heat treated GeZn glasses.

The presence of the crystals is confirmed in Fig. 5 which presents the SEM image of the
cross-section of the heat treated glasses for 6 h. Surface precipitation of crystals with different
shapes and chemistry depending on the glass composition is confirmed. The elemental mapping
confirms the presence of Ge, Ga, Ba and Na rich crystals as suspected from the analysis of the
XRD patterns. According to the elemental mapping, Er’* doped crystals are expected in the heat
treated GeY, GeTi and GeZn glasses. However, the homogeneous distribution of erbium in the
Er elemental mapping in the heat treated GeAl glass might indicate that the crystals in this glass
are Er’* free.

Fig. 5. SEM images and elemental mapping collected from the cross-section of the
investigated glasses heat treated at (Tg + 20 °C) for 17 h and at T, for 6 h

Figure 6 shows the upconversion (a, b, c, d), the NIR (e, f, g, h), and the MIR (i, j, k, 1) spectra
of the glasses prior to and after the heat treatment. The thermal treatment of the glasses increases
the intensity of the UC and MIR emission and decreases the intensity of the NIR emission. These
changes are the most pronounced for the GeY glass, while the least changes are observed for the
GeAl glass. The shape of the UC and MIR bands, especially from the heat treated GeY, GeAl and
GeZn glasses, also changes after heat treatment with the appearance of sharp peaks. The thermal
treatment also increases the intensity of the UC and MIR emissions of GeY, GeTi and GeZn
samples (considering the +15% error bar). These changes in the spectroscopic properties confirm
that some crystals contain Er’* ions as suspected from EDX mapping analysis shown in Fig. 5.
However, as the shape of the NIR emission remains broad after the thermal treatment, some
Er?* ions are suspected to remain in the amorphous part of the investigated heat treated glasses.
The decrease in intensity of the NIR emission band might be also related to the decrease in the
distance between the Er’* ions in the glass after the crystallization which could also contribute to
the increase in the intensity of the UC.
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Fig. 6. The upconversion (a, b, ¢, d), the NIR (e, f, g, h), the MIR (i, j, k, 1) emission spectra
of the glasses prior to and after heat treatment at (Tg +20 °C) for 17h and at T}, for 6h
( exc =980 nm)

4. Conclusions

The impact of the replacement of Y,03 by ZnO, TiO, or Al,03 in Er-doped germanate glass
on the spectroscopic properties and crystallization process is presented. Due to the difference
in the composition of the glasses, the heat treatment leads to the formation of various crystals,
even though two common crystals (BaGa;(GeOy), and BaGe4sO9) have been identified in all
the glasses. The precipitation of Er-doped crystals becomes possible in the glasses with more
depolymerized structure, namely GeZn, GeTi and GeY glasses. Spectroscopic data demonstrate
that the heat treated GeZn, GeTi and GeY glasses are potential candidates as upconverters and
for MIR applications.
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